
(This is a sample cover image for this issue. The actual cover is not yet available at this time.)

This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Melanin films on Au(111): Adsorption and molecular conductance

Alejandro González Orive a, Alberto Hernández Creus a, Pilar Carro a,b,⇑, Roberto C. Salvarezza b

a Departamento de Química Física, Instituto Universitario de Materiales y Nanotecnología, Universidad de la Laguna, La Laguna, Tenerife, Spain
b Instituto de Investigaciones Fisicoquímicas, Teóricas y Aplicadas (INIFTA), CONICET-Universidad Nacional de La Plata, Sucursal 4, Casilla de Correo 16, La
Plata 1900, Argentina

a r t i c l e i n f o

Article history:
Received 16 February 2012
Accepted 18 May 2012
Available online 7 June 2012

Keywords:
Melanin films
Gold
Electronic properties
STM
Photoconductivity

a b s t r a c t

We have studied the adsorption and electronic properties of thin melanin films on Au(111)
by scanning tunneling microscopy (STM), scanning tunneling spectroscopy (STS), and den-
sity functional (DF) calculations. We have found that the minimum melanin unit detected
under different adsorption conditions is consistent with the structural model for eumela-
nin protomolecules based on tetramer macrocycles formed by four monomer units (hydro-
quinone, indolequinone and its tautomers) with an inner porphyrin ring. DF calculations
reveal that the entire p structure of the tetramers is implied in the chemisorption process
through its frontier orbitals (HOMO and LUMO), a fact that is reflected in the change of
intramolecular bonds. Also van der Waals interactions give an important contribution to
the adsorption energy (�0.02 eV/Å2). Dried thin melanin films (1 monolayer in thickness)
exhibit good electronic conductance due to the presence of localized states near the Fermi
level while dried thicker films exhibit a semiconductor-like behavior. Illumination of the
thicker films with white light results in significant photo-induced tunneling currents when
the melanin-covered Au is made negative with respect to the tip.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Melanins are one class of biopolymers with interesting
physical and chemical properties such as photoactivity,
electrochemical response, and amorphous semiconductor
behavior [1,2]. The combination of optical and electronic
properties in melanins has drawn the attention of scien-
tists as potential materials for organic solar cells and other
novel electronic devices. In fact, melanins exhibit a broad
band absorption which may be suitable for their use as
sensitizers in photovoltaic devices [3]. In particular, syn-
thetic eumelanin, formed by 5,6-dihydroxyindole (DHI)
(Fig. 1a) and 5,6-dihydroxyindole-2-carboxylic acid (DHI-
CA) monomers (Fig. 1b) is chemically and photochemically
very stable.

Recent ab initio calculations have shown that the High-
est Occupied Molecular Orbital (HOMO)–Lowest Occupied
Molecular Orbital (LUMO) gaps of the DHI redox forms are
appreciably different [4]. In addition, it has been recently
demonstrated that several redox forms of DHI and DHICA
are thermodynamically stable [5,6]. Hence, it can be con-
cluded that a wide variety of ‘‘chemically distinct’’ oligo-
mers, each with a different HOMO–LUMO gap, could be
formed. However, it is still under debate how the DHI
and DHICA monomers organize into 4 or 5 oligomer
nano-aggregates. A clear idea of the basic structural units
is fundamental to develop a consistent model for con-
densed phase charge transport in such complex bioorganic
materials. In fact, while melanins in the condensed phase
have been described as amorphous semiconductors [7,8]
there is still no agreement if the observed conductivity is
electronic in nature [3]. Thus, the production of thin mela-
nin films with defined structure on conducting substrates
is a crucial point for study the electric conductance of this
type of biopolymers.
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Recently we have shown that ultrathin films of eumel-
anins can be electrochemically deposited on Au(111) [9]
and highly oriented pyrolityc graphite [10] from alkaline
solutions containing synthetic eumelanin. In this case,
the film exhibits the hierarchical structure found in natural
melanin with melanin aggregates with sizes ranging from
�2 to 50 nm [9,11]. The melanin films on Au(111) are
interesting as a model system to study the initial adsorp-
tion stage of melanin on well ordered surfaces, their con-
ductance and photoelectric properties.

Scanning tunneling microscopy (STM) and scanning
tunneling spectroscopy (STS) are powerful methods for
imaging and probing locally the electronic properties of
melanin films under light irradiation. In this work we re-
port a combined experimental/theoretical study of dried
ultrathin synthetic eumelanin films electrochemically
deposited on Au(111) substrates from aqueous 0.1 M
NaOH melanin-containing solutions by means STM and
STS measurements. We have also used density functional
theory (DFT) to obtain the structural information, the
adsorption energy and electronic structure of the melanin
protomolecule adsorbed on Au(111). The chemical models
used in this work are two tetramer macrocycles proposed
in the literature as building blocks of the biopolymer since
they reproduce accurately several important properties of
eumelanin as X-ray scattering data, its ability to capture
and release ions, the experimental features of its spectrum
and the characteristic size of the protomolecules [12,13].
One tetramer (IHHH) consists in three hydroquinones
and one indolequinone units (Fig. 1c) and the other (IMIM)
consists in two indolequinone and two tautomers quinone-
methide units (Fig. 1d).

Results from these calculations show that adsorbed
IMIM tetramer exhibits structural and electronic data con-
sistent with those experimentally measured on dried thin
melanin films deposited on Au(111). These films have a
good electronic conductance that can be explained by the
presence of localized states near the Fermi level. Experi-
mental data shows that increasing the thickness of the
dried films changes the electronic response to that exhibit

by semiconductor-like organic films with an asymmetric
photo-induced tunneling current response according to
the bias voltage applied between the sample and the tip.

2. Experimental

2.1. Melanin preparation

Melanin deposits were electrochemically prepared as
described in Ref. [9–11]. Briefly, the Au(111) substrates
were immersed in a synthetic eumelanin-containing aque-
ous 0.1 M NaOH solution (0.3 g L�1, melanin from Sigma,
M8631). The Au(111) substrate was polarized at -1.0 V in
a conventional three-electrode (working, reference and
counter electrodes) electrochemical cell containing the
melanin solution for different times (t = 10 min, 45 min,
120 min) in order to form the melanin film. Occasionally,
melanin was adsorbed on the Au substrate under open cir-
cuit conditions (OCP) from the same melanin containing
solutions for t = 10 min. The films were rinsed with water
and carefully dried under nitrogen flux. It has been re-
ported that the electrical properties of melanin changes
from electro to proton conduction for humidity levels
greater than 40% [3]. Therefore all our measurements were
made al humidity levels well below this value.

2.2. Structural and electronic characterization

Structural data and electronic properties of the melanin
films on Au(111) were determined by scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy
(STS) measurements using a scanning tunneling micro-
scope (Nanoscope IIIa, Veeco Instruments) operating in
air at room temperature. Pt–Ir tips were used for these
measurements. I (tunneling current) vs V (bias voltage)
curves were averaged over at least three different regions
of the samples. In STS measurements positive bias means
that the sample is made positive. The dI/dV plots shown
in this paper are the average of ten measurements. These
measurements were taken under the same experimental
conditions and performed on different regions of the
samples.

2.3. Photocurrent measurements

The experimental setup consisted of a simple photo-
graphic white light flash focused on the tip-sample gap
during only 1 ms. The flash was set 40 cm far away from
the tip at an incident angle of 15�. In these conditions a
power density of 3 mW cm�2 could be measured at the
sample surface. The tip was approached under no illumina-
tion till to obtain tunneling effect under different condi-
tions. In particular experiments were made using four
bias potential, ±500 mV and ±200 mV, combined with
two tunneling current, 300 pA and 600 pA. In every case,
once the tunneling current was set, the operation mode
was changed from the constant current mode (the stan-
dard topographic STM mode) to the constant height mode,
i.e. the Z piezotube feedback loop is disconnected. In this
way and without scanning the tip to keep constant the

Fig. 1. (a) DHI, (b) DHICA, (c) IHHH tetramer, (d) IMIM tetramer. N: blue,
C: grey, O: red; H white. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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tip-sample distance, the sample was irradiated during a
1 ms long light pulse. Immediately, an important enhance-
ment in the flowing tunneling current was registered. It
should be noted that in order to warrant the constancy in
the tip-sample separation, changes in the bias potential
sign were always made without withdrawing the tip.

2.4. Computational details

The calculation was performed using plane-wave
pseudopotential periodic DFT. The exchange–correlation
potential was described by means of the generalized gradi-
ent approach (GGA) with the Perdew–Wang (PW91) [14]
implementation. The one-electron wave functions have
been expanded on a plane wave basis set with a cut-off
of 450 eV for the kinetic energy. The Brillouin zone sam-
pling was carried out according to the Monkhorst–Pack
[15] scheme with (3 � 3 � 1) dense k-points meshes. The
projector augmented wave (PAW) method [16,17], as
implemented by Kresse and Joubert [18], has been em-
ployed to describe the effect of the inner cores of the atoms
on the valence electrons. The energy minimization (elec-
tronic density relaxation) for a given nuclear configuration
was carried out using a Davidson block iteration scheme.
The dipole correction was applied to minimize polarization
effects caused by asymmetry of the slabs. All calculations
have been carried out using the VASP 5.2.11 package
[18,19].

As it is well known, the long-range van der Waals forces
are undoubtedly important in the interaction between or-
ganic molecules and metal surfaces. Then, van der Waals
(vdW) intermolecular forces will play a relevant role in
the system studied in this work. Moreover one of the main
shortcomings of GGAs functionals is the inability to de-
scribe non-local vdW dispersion forces. In order to account
for the vdW interactions we have employed the semiem-
pirical DFT-D [20] method of Grimme [21] as implemented
in the VASP 5.2.11 package. This vdW dispersion correction
has the form C6R�6 and the value for Au atom has been ta-
ken from the value given by Grimme, very similar to the
value derived by a hybrid quantum mechanics (QM) ap-
proach in the literature [22]. We have also done calcula-
tions without the vdW correction in order to evaluate the
influence of this kind of interaction.

The surface was modeled by a periodic slab composed
of four metal layers and a vacuum of �12 Å. Adsorption oc-
curs only on one side of the slab. During the geometry opti-
mization the two bottom layers were kept fixed at their
optimized bulk truncated geometry for the Au(111) sur-
face. The two outermost atomic metal layers, as well as
the atomic coordinates of the adsorbed species, were al-
lowed to relax without further constraints. The atomic
positions were relaxed until the force on the unconstrained
atoms was less than 0.03 eV/Å. The unit cell employed in
the calculation was a (5 � 3

p
3) of the Au(111). The calcu-

lation of the isolated tetramers has been done in a super-
cell with side lengths of (20 Å � 20 Å � 10 Å). The lattice
parameter calculated for bulk Au was 4.18 Å.

The adsorption energy (Eads) of the corresponding tetra-
mer have been defined by

Eads ¼ ½Etetramer=Au � EAu � Etetramer� ð1Þ

where Etetramer/Au, EAu and Etetramer, stand for the total energy
of the system, the energy of the clean surface, and the en-
ergy of the IHHH/IMIM tetramer, respectively. Negative
numbers indicate an exothermic adsorption process with
respect to the clean surface and the isolated tetramer orig-
inated during the adsorption process.

3. Results

3.1. STM imaging

First we study the initial stage of adsorption to detect
the smallest melanin units present on the Au(111) surface.
This was experimentally done by adsorbing melanin at
OCP for ta = 10 min on the Au(111) surface. In fact, STM
imaging of the Au(111) surface after immersion in the
melanin containing solution reveals small units 1.6–
3.2 nm in average size and �0.3 nm in average height
(Fig. 2a), a figure similar to the layer–layer separation
found in graphite. The presence of these structural ele-
ments on the Au(111) surface are clearly seen in the
power spectral density (PSD) analysis of the images that
exhibits peaks in the 1.6 to 3.2 nm range (Fig. 2b). These
results are consistent with the presence of a melanin pro-
tomolecule and small oligomers with a graphite-like struc-
ture. The smallest 1.6 nm units have a size very close to
that expected for the melanin tetramers shown in Fig. 1c
and d (1.5 nm in size) while the 3.2 nm structures could
correspond to small oligomers formed by four tetramers
as shown in Fig. 2c. However, the film grown under OCP
conditions is discontinuous exposing bare Au areas as re-
vealed by STM images taken at different places of the sam-
ple (data not shown). In order to improve the film quality
we have prepared the melanin films by adsorbing melanin
from the solution with the Au(111) surface polarized at
�1.0 V for ta = 10 min. In this case the Au(111) surface is
almost covered by the 3.2 nm oligomers as shown in
Fig. 2d and e.

The increase in the deposition time (ta = 45 min) results
in the formation of more compact films consisting of larger
aggregates. In fact, the STM images (Fig. 3a) and PSD anal-
ysis (Fig. 3b) reveal an average aggregate size of �17 nm.
However, the influence of the Au(111) substrate is still vis-
ible since the typical triangular features of this face are
clearly seen on the image. This fact indicates that the mel-
anin film involves only a few monolayers. In fact, assuming
that the �1 nm maximum aggregate height in Fig. 3c re-
flects the film thickness (h) and taking 0.33 nm interlayer
separation we can estimate h � 3 monolayers.

The structure of the melanin oligomers shown in Fig. 2c
explains the incorporation of metallic cations in the tetra-
mer lattice, an important property of melanin films. In fact,
each tetramer exhibits the oxygen atoms at its outer edge
and the nitrogen atoms located in a porphyrin hole in its
center. Therefore, there are two possible environments
for cation coordination: one created by the 4 O atoms of
4 adjacent tetramers and the other 4 N atoms at the center
of each porphyrin ring. Previous XPS data of Fe containing
melanin films on Au(111) (ta = 100 min) indicates that O is
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Fig. 2. 70 � 70 nm2 STM images of the Au(111) surfaces after immersion in the melanin-containing 0.1 M NaOH solution (c = 0.3 g L�1) for: (a) 10 min at OCP,
(d) 10 min at E = �1.0 V. The black solid lines in panels (a) and (d) indicate the places where the cross-sections (right) were made. (b) and (d) Isotropic 2D power
spectral densities performed on the images shown in (a) and (d), respectively. The black lines indicate the average particle size (c) 5 � 5 nm2 STM image of a
3.2 nm size particle. A scheme of 4 tetramers forming an oligomer is superimposed on the STM image. The coordination site for a Fe ion is indicated. Bottom at
the right side: tetrahedral site, bottom at the left side: octahedral site. Blue: N, red: O, green: Fe. All STM images were taken at a bias voltage = 1.0 V and
tunneling current = 0.35 nA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A. González Orive et al. / Organic Electronics 13 (2012) 1844–1852 1847
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the preferred environment for Fe ions [23]. In fact, the N 1s
spectra show two components located at binding energies

(BE) of 399 eV and 400.3 eV. These BE values are not con-
sistent with metallic cation-N atoms coordination in the

Fig. 3. (a) Three-dimensional (600 � 600 nm2) image of the Au(111) surface after immersion in the eumelanin-containing 0.1 M NaOH solution
(c = 0.3 g L�1) for 45 min at �1.0 V. Z = 5 nm. (b) Isotropic 2D power spectral density performed on the image shown in (a). The black line indicates the
average particle size. (c) A representative cross-section of a 600 � 600 nm2 STM image showing individual 8–22 nm sized melanin particles on the Au(111)
surface is shown. The black solid line in panel d indicates the place where the cross-section was made. STM images were taken at a bias voltage = 1.0 V and
tunneling current = 0.35 nA.

Fig. 4. Top view of the optimized geometry of the IHHH (a) and IMIM (b) tetramers on Au(111) surface. (c and d) Side view of the adsorbed systems. Blue:
N: gray: C: red: O, white: H; golden: Au. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

1848 A. González Orive et al. / Organic Electronics 13 (2012) 1844–1852
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porphyrin rings that show a BE at 398.4 eV [24]. In a 1
monolayer thick melanin films the metallic cation should
interact with the Au surface while for multilayered films
the cation would lie between a pair of planar sheets con-
tained in the melanin oligomers.

3.2. Modeling melanin adsorption on Au(111)

In the next we analyze the adsorption of the melanin
units on the Au(111) by using DF calculations. Fig. 4a–d
show the relaxed geometry of the IHHH and IMIM
tetramers.

The adsorbates have been placed on top the Au(111)
surface with the molecular plane parallel to the metal sur-
face (Fig. 4a and b). This configuration was selected based
on the STM images where the melanin oligomers have
�0.3 nm in height (Fig. 2d) indicating that they are lying
parallel to the substrate. This is not surprising since the
oligomers are formed at �1.0 V, i.e. a potential more nega-
tive than the zero charge potential (zcp) of the Au(111)
face [9]. In fact, it has been shown that the adsorption of
nitrogen containing ring molecules such as pyridine takes
place parallel to the Au(111) surface when the Au(111)
is negatively charged but stands up at potentials more po-
sitive than the zero charge potential of the substrate [25].
It has also been reported that pyridine and pyrazine mole-
cules at negative applied potentials involve p orbital inter-
actions with the Au surface, whereas at positive applied
potentials it is the N lone-pair the responsible of the inter-
action with the metal surface [26]. Therefore, the adsorp-
tion of the tetramers in a parallel configuration with
respect to the Au(111) surface is justified.

The tetramer IHHH/IMIM relaxed geometry is slightly
bended from the initially flat isolated molecules (Fig. 4c
and d). The average height of the tetramer atoms above
the topmost substrate layer is 0.3 nm in agreement with
the STM images. We note that the carboxylic oxygen in
C5 and the carbon C4 of indolequinone fragments (indi-
cated by a black rectangle in Fig. 4) are closer to the Au sur-
face atoms (O: 0.24 nm, C: 0.24 nm) than the rest of the
atoms in both tetramers. These results agree with first-
principle density functional theory calculations for trypto-
phan-Au nanoparticles where the binding was assigned to
both carboxyl and indole groups [27]. Note that the tetra-
mer loses certain degree of p conjugation upon adsorption
as the intramolecular structure of the tetramers undergo
some subtle changes, for instance the C = O bond in the
C5 becomes longer upon adsorption.

The calculated adsorption energies (Ead) of the tetra-
mers without considering van der Waals (vdW) interac-
tions are �1.25 eV for IMIM and �0.71 eV for IHHH. The
magnitude of these values indicates a relatively weak
chemisorption process. Note that simply physisorption
can be discarded because the shortest distance between
the Au surface atom and the C atom below is 0.24 nm, a
distance smaller than the sum of vdW radii of Au
(0.166 nm) and C (0.17 nm). However, when vdW interac-
tions are included in the calculations the adsorption ener-
gies remarkably raise to �6.4 eV for IMIM and �5.7 eV for
IHHH, i.e. ��1.5 eV for monomer unit. These results indi-
cate that vdW forces are crucial to strongly bind the
tetramers to the Au(111) surface. This is not surprising
as similar results have been reported for the adsorption
of other aromatic molecules on metal surfaces when the
dispersion forces are included in the calculations [28–31].
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Fig. 5. I vs V curves recorded at different tip-sample distances determined by the set point bias voltage and current. The set-point bias voltages are
indicated in the upper left panels (1–3 V), the set-point current was always 0.35 nA: (a) Au(111), (b) melanin film ta = 10 min, (c) melanin film ta = 45 min,
and (d) melanin film ta = 120 min.
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We have performed a Bader analysis to evaluate the
redistribution of the charge upon adsorption on Au(111)
surface. The largest difference in this value is presented
by the surface nearest carbon atoms (outlined in Fig. 5)
which gain from the Au surface �0.12 e and �0.21 e for
IHHH and IMIM tetramer, respectively. On the other hand,
the O atom in the C@O group of the indolequinone frag-
ment loses charge becoming +0.33 e more positive in both
tetramers.

It is also interesting to note that the Au(111) work
function changes only 0.1 eV after tetramer adsorption.
This fact could be interpreted considering that the reduc-
tion of the intrinsic metal surface dipole is almost perfectly
compensated by the surface dipole arising from Au to
molecular-LUMO charge transfer.

3.3. Electronic characterization

The electronic properties of melanin films on Au(111)
were experimentally studied using STS. Typical I vs V
curves recorded for Au(111) and melanin films grown on

Au(111) for different ta under the same experimental con-
ditions are shown in Fig. 5. Prior to record each STS curve
the tip-sample distance was varied by changing the bias
voltage between 1 and 3 V at a constant tunneling current
of 0.35 nA. Note that a higher set-point bias voltage corre-
sponds to a larger tip-sample distance if the set-point cur-
rent is kept constant.

We first discussed the averaged I vs V plots for thin mel-
anin- films (ta = 10 min, �1 monolayer thick) on Au
(Fig. 5b) comparing them with those recorder for
Au(111) (Fig. 5a). It is evident that the I vs V curves for
the thin melanin films approaches the behavior of the
metallic conductor [32]. In contrast, the I vs V plots for
thicker melanin films grown for ta = 45 min (Fig. 5c) and
for ta = 120 min (Fig. 5d) on the Au(111) substrate exhibit
a response characteristic of semiconductor materials [33].
In fact, a non-linear current region that slightly increases
with the deposition time can be oberved. This is more
clearly seen using the derivative tunneling spectra, dI/dV
which is a measure of the local density of states (LDOS)
of a surface [34].

The averaged derivative STS spectra shown in Fig. 6 for
the thicker melanin films corresponds to the I vs V plots
obtained at a sample-tip separation condition given by
sample bias of 1.0 V and a tunneling current of 0.35 nA.

In these plots we note that for the film grown for
ta = 45 min the HOMO and LUMO are located at �0.5 and
+0.6 eV, respectively while they move to �0.6 eV and
+0.7 eV for ta = 120 min. The magnitude of the gap is con-
sistent with that already reported for semiconductor mel-
anin films [1,35].

In the next we will analyze in more detail the behavior
of the thin melanin film (ta = 10 min, 1 monolayer thick) in
order to explain its good electronic conductance. In partic-
ular we will compare the dI vs dV behavior of the thin mel-
anin film with the projected density of states of IHHH and
IMIM tetramers adsorbed on Au(111) surface from the DFT
calculations.

The projected density of states (PDOS) onto the IHHH
and IMIM tetramers are depicted in Fig. 7a and b, respec-
tively. It can be seen that molecular energy levels of both
tetramers hybridize with the delocalized metallic wave
functions of the substrate showing a significantly amount
of broadening originating a charge transfer between the
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Fig. 6. dI vs dV curves measured for melanin films, (a) ta = 45 min, and
(b) ta = 120 min. Sample bias: 1 V. The current used in all spectra was
0.35 nA.
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a b

Fig. 7. The density of states projected (PDOS) onto (a) IMIM on Au(111) (orange line) and (b) IHHH on Au(111) (green line). The energy zero is taken to be
the Fermi energy of the adsorbed system. Filled grey curve: dI/dV curve for thin melanin films (ta = 10 min). The vertical bars indicate the electronic states
for the isolated tetramers in vacuum. The HOMO and LUMO positions of the isolated tetramers in vacuum are indicated. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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tetramer and the substrate as revealed by the Bader charge
analysis.

Although the GGA functionals fail to give an accurately
prediction of HOMO and LUMO eigenvalues, they give a
reasonable estimation of the HOMO–LUMO gaps [36].
However, in the thin melanin films adsorbed on Au(111)
localized states appear filling the gap (see the experimen-
tal dI/dV plot in Fig. 7). Our DFT calculations also indicate
the presence of electronic states in the Fermi level due to
the strong hybridization of molecular orbitals and the sub-
strate electronic states in the tetramer/Au interface. The
state in the gap could correspond to the LUMO occupation
of the tetramer. This orbital seems to shift towards lower
energies lying now at the Fermi level. Note also that LUMO
is partially filled in the adsorbed state reflecting the charge
transfer from the Au surface. For both tetramers HOMO
and LUMO orbitals lose their identity, the gap is practically
disappeared, and, accordingly, the film exhibits metallic-
like conduction.

At this point, we can return to the features related with
the chemisorption mechanism of IMIM and IHHH tetra-
mers on the Au(111) surface. As in the majority of large
p-conjugated organic molecules with functional groups
the bonding interactions can be understood through two
cooperative mechanisms: (i) the Au surface transfers
charge into the LUMO that it is placed at the Fermi level
upon adsorption process and (ii) a local Au-O bonding be-
tween the carboxylic O to the Au(111) surface. It means
that the entire p structure of the tetramer must be implied
in the chemisorption process through its frontier orbitals
(HOMO and LUMO) being reflected in the change of certain
intramolecular bonds.

3.4. Photo-induced tunneling currents under white light
illumination

We have used the STS setup to measure the photo-in-
duced tunneling current between the tip and thick melanin
film-covered Au(111) (ta = 100 min, h > 10 monolayers)
under illumination with a flash of white light. Our results
for small bias lying in the gap (�200 mV, +200 mV), where
no significant tunneling currents should be detected (see
Fig. 5c and d) are shown in Fig. 8a and b. They show typical
responses of tunneling currents as a function of the sign of
the applied bias after a flash light pulse. These figures cor-
respond to the results average over at least one hundred
light pulses.

When the bias potential was set at positive values (sam-
ple positive) a small increment (ranging 1–3 nA) in the
tunneling current is observed irrespective of the sample-
tip distance (controlled by initial bias and tunneling cur-
rent) (Fig. 8a and b). In contrast, when the bias potentials
were negative (sample negative) a drastically increase in
the tunneling current (ranging 15–25 nA) can be detected.
The observed increments in tunneling currents for the neg-
ative bias voltage are much larger than those observed for
clean Au(111) under the same experimental conditions
(Fig. 8c and d). However, it is known that under illumina-
tion of photoactive materials in STS experiments an in-
crease in the tunneling current is in general observed due
to both the thermal expansion of the tip and the sample,
which means a decrease in the tip-sample separation
[37,38], and the possible contribution from photoinduced
electrons related with the light pulse. The asymmetric in-
crease in the measured tunneling current depending on
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Fig. 8. Change in the tunneling current recorded in the constant height mode after a flash light pulse under different bias voltage (in the gap) and a constant
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the bias voltage irrespective of the tip-sample distance
(controlled by the tunneling current) allows us to discard
the thermal expansion as the main contribution to tunnel-
ing current detected in our experiments. Therefore, as our
STS results are taken in the gap region the photocurrents
can be related to a photovoltaic effect in agreement with
previous short circuit current measurements of thick mel-
anin deposited on titania [3]. However, it is interesting to
note that the asymmetric response with the bias observed
in our experiments has not been reported yet for melanin
films. Our results point up that while keeping constant
the tip-sample distance and the absolute bias potential
negative, an important flow of photo-induced electrons
tunnels from the sample to the tip while the flux in hin-
dered for positive bias. We propose that under illumination
electrons move from the melanin film’s HOMO to the
LUMO where they are collected by the positively charged
tip. Finally it should be noted that the production of a pho-
tocurrent under white light illumination is indicative of a
semiconductor-like behavior which are in well agreement
with the behavior of the I vs V plots recorded for the thick-
er melanin films.

4. Conclusions

The adsorption and electronic properties of thin mela-
nin films on Au(111) is studied by using STM, STS and
DF calculations. STM data demonstrated that smallest mel-
anin units in the early stages of adsorption have similar
sizes than IMIM and IHHH tetramers and small oligomers
formed by these tetramers. DF calculations reveal that
the entire p structure of the tetramers is implied in the
chemisorption process through its frontier orbitals (HOMO
and LUMO) being reflected in the change of certain intra-
molecular bonds. Dried thin melanin films exhibit a good
molecular conductance due to the presence of localized
states at the Fermi level. Thicker films exhibit semiconduc-
tor behavior with HOMO–LUMO separation of �1 eV.
These films exhibit photo-induced tunneling current when
illuminated with a flash of white light, its magnitude
depending on the sing of applied bias.
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