
Assessing the Performance of Eumelanin/Si

Interface for Photovoltaic Applications

Aleandro Antidormi,∗,† Claudio Melis,† Enric Canadell,‡ and Luciano Colombo†

†Dipartimento di Fisica, Università di Cagliari, Cittadella Universitaria, I-09042

Monserrato (Ca), Italy

‡Institut de Ciència de Materials de Barcelona (ICMAB-CSIC), Campus de Bellaterra,

08193 Bellaterra, Barcelona, Spain

E-mail: aleandro.antidormi@dsf.unica.it

Abstract

Among the possible applications of eumelanin (biolelectronics, biointerfaces, ...),

photovoltaics is a promising field which could highly benefit from its intrinsic features

(broadband UV-vis absorption, ...), with such a pigment employed as photo-active layer

in hybrid solar cells. The envisioned application poses the need for a careful theoretical

analysis on the adhesion properties of eumelanin on a substrate and the characterization

of the hybrid system electronic features. In this work, we investigate a eumelanin/Si

interface, where Si plays the role of inorganic layer. By means of ab-initio calculations,

we study the feasibility of the experimental formation process of eumelanin protomolec-

ular structures in methanol ambient, evaluating the corresponding formation energy.

Then, we explore the adhesion properties of eumelanin molecules on a silicon surface

and extract the electronic structure of the resulting system. The corresponding band

alignment is then used to address the overall photoconversion efficiency. Adopting the

scheme of chemical disorder, which has been proved to successfully capture the vari-

ety of eumelanin protomolecules, we show that 1) the formation process of eumelanin
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protomolecules from the constituting monomers is generally hindered in a solvent en-

vironment w.r.t vacuum; 2) key factors in improving the adhesion properties and band

line-up of the molecules on an inorganic interface are the molecular electronic state

and the planarity of their structures. Protomolecular models with a large number of

non-terminated Oxygen atoms and endowed with an intrinsically planar character tend

to bind more strongly to the surface. In addition, they are more likely to produce a

favourable band alignment for photoconversion applications.

Introduction

Eumelanin is a biological pigment, widely present in living organisms, responsible for skin

coloration, thermoregulation and, most importantly, photoprotection against exposure to

UV radiation.1–3 Its intriguing properties,4 including broadband UV-vis absorption,5 in-

trinsic free radical character6 and efficient non-radiative energy dissipation,7,8 have recently

attracted the interest of scientists from different disciplines toward the exploitation of syn-

thetic eumelanin in several applications, from organic electronics2 to biointerfaces9,10 and

hybrid materials11 to polymer stabilization.12

A field which could highly benefit from the employment of eumelanin is photovoltaics, with

such a pigment used as photo-active layer in hybrid solar cells,13 where the light absorption

process is likely to generate an exciton which dissociates at the organic/inorganic interface.14

The electron (hole) is then separately collected at the electron (hole)-accepting electrode,

respectively.15 The figure in the abstract conceptualizes the operating mechanism of a hybrid

solar cell together with the energy diagram of the interface between the molecular (donor)

and the inorganic (acceptor) layer, corresponding to the optimal line-up for efficient photo-

conversion.

The driving force for the dissociation of the excitons is represented by the energy difference

between the lowest unoccupied molecular orbital (LUMO) of the donor layer and the top

valence band of the acceptor. Specifically, higher power conversion efficiencies are found
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when such difference is large. Moreover, in order to favour the following process of charge

diffusion, the donor LUMO energy must be higher than the acceptor conduction band, while

the donor highest occupied molecular orbital (HOMO) should be higher than the top va-

lence energy. The figure in the abstract shows an example of band alignment satisfying the

mentioned criteria, hence hypotetically guaranteeing good photovoltaic performance.

However, several other factors affect the overall power conversion efficiency of a hybrid solar

cell, with the capability of the photo-active layer of absorbing photons15 standing high in

the list. In this respect, thanks to its broad absorption spectrum, eumelanin represents a

promising candidate, which could help reaching and possibly overcoming the 10% efficiency

recently obtained in present hybrid solar cells.14

This scenario has engendered a growing need of asssessing the performance of eumelanin-

based solar cells, which in turn translates into the requirement of a careful theoretical analy-

sis (i) providing insights on its adhesion properties and (ii) characterising the hybrid system

electronic features.

To this aim, we investigate a eumelanin/Si interface, where Silicon plays the role of inor-

ganic layer.16,17 Our choice of Si as inorganic material is dictated by the ongoing quest for low-

cost materials to be employed in photovoltaic applications. Solar cells based on crystalline

silicon are known to offer high efficiency and dispose of an extremely reliable integration

technology. However, they are expensive due to high temperatures required in their fabri-

cation.18,19 A promising approach to reduce the overall production cost of new-generation

devices consists in the integration of polymeric organic semiconductors into silicon-based

electronic devices. This possibility potentially allows to exploit the renowned electrical and

optical features of silicon together with the structural versatility and processing/mechanical

properties of polymeric materials.20

In this work, we specifically investigate the formation process of eumelanin protomolec-

ular structures in methanol ambient (methanol is the solvent most frequently employed to

synthetise eumelanin) as indeed experienced experimentally. We, as well, evaluate the adhe-
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sion properties of eumelanin molecules on a Si [100] surface and we determine the electronic

structure of the resulting Eumelanin/Silicon system and the corresponding bands alignment.

The knowledge of the energy spectrum of the complete system will allow the evaluation of

the hybrid cell performance.15

A major factor hindering a straightforward study of the properties outlined above is

represented by the fact that the actual structure of the eumelanin molecule is mostly unde-

fined;21–23 its determination has indeed encountered considerable difficulties primarily due

to the pigment amorphous character and insolubility in all solvents. Several plausible pro-

tomolecular structures have been proposed in the recent literature with the objective of

explaining the broad optical absorption spectrum in biological systems.24,25 Based on the

investigation efforts made to-date, there is a general agreement in that all the synthetic

eumelanin protomolecules derive from the 5,6-dihydroxy-indole (DHI) monomer and its re-

dox forms (see figure 1); these basic components are covalently bonded to form oligomers26

(dimers, tetramers, pentamers and so on), known as the protomolecules. However, ex-

perimental evidence24,27–29 suggests that the protomolecules of the most common forms of

eumelanin produced in laboratory have small molecular weight, supporting tetramers as the

most appropriate protomolecular candidates. This state of affairs suggested to mainly focus

on tetramers in the present investigation.

Once tetramers have been selected, we are still left with a large variety of possible struc-

tural models differing for the actual pattern of monomers assembling. Following the ter-

minology introduced in a recent review on the subject,21 we refer to such a variety as the

eumelanin molecular disorder .2,4,30 The tetrameric models we will consider in our work are

schematically depicted in figure 2. They are just a few among all possible tetramers which

have been already proved to produce the expected absorption spectrum and, therefore, receiv-

ing large attention in recent studies.25 However, they provide a trustworthy representative

set as their features span the space of all molecular geometrical properties of interest for
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the present investigation, namely: cyclic and non-cyclic structure, planar and non-planar

geometry. Hence, this choice for the object of investigation expectedly endows the following

analysis with the necessary generality.

In addition to the molecular disorder, eumelanin structures can differ as well in the dis-

tribution of their redox states or, equivalently, in the type of constituting monomers (DHI,

MQ, NQ, IQ, of figure 1): hereafter we will refer to such a feature as electronic disorder.

The tetrameric models of figure 2 have, for example, the same constituting monomers (two

IQs and two NQs) and a correspondingly similar electronic state. We have chosen this par-

ticular combination on the basis of a previous study by Kaxiras et al.31 for cyclic tetramers,

suggesting that this particular combination should rank among the more stable ones. Both

molecular and electronic disorders are considered to dictate the overall properties of eume-

lanin. On return, control of this disorder may permit the shaping of the material features,

therefore tailoring its possible applications.2 On the other side, it is clear that the mentioned

disorders are also responsible for an enormous number of possible molecular models whose

complete analysis is almost unfeasible: a systematic study of thousands of possible molecular

structures differing topologically and/or electronically would require, indeed, an exceedingly

large computational effort.

In this work, we aim at analyzing the processes of eumelanin formation and adhesion on Si

addressing the issue of chemical disorder. By performing a limited number of calculations

on paradigmatic configurations, we derive useful information on the effects of geometrical

and electronic features on molecular stability, adhesion and band line-up for efficient photo-

conversion. In particular, we show that the kind of constituting monomers and the planar

character of the molecules represent discriminant properties in this respect.

The paper is structured as follows: after a description of the systems investigated and

of the computational methods employed, we address the effects of electronic disorder of eu-

melanin protomolecules giving the results of the formation and adhesion energies together

with the corresponding band structure. In the following section, we investigate molecular
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disorder: here different tetrameric structures are considered in a similar electronic state and

formation and adhesion energies are presented. Finally, results are discussed.

Computational Methods

In this work five different protomolecular models will be considered: tetrameric models based

on the work by Panzella et al.,3 as well as on the cross-linked oligomers presented by Pezzella

et al.32 and the cyclic porphyrin-like structure by Kaxiras et al.31 These tetramers will be

hereafter referred to as Model 1, 2, ..., 5, respectively. Their structure is shown in figure 2.

Thanks to the diversity of geometrical features (planarity, cyclicity and symmetries), these

molecules form a meaningful and mostly representative set for the collection of all possible

molecular configurations. This choice, indeed, makes the present analysis robust and accu-

rate enough to envision general trends.

In order to study the interaction properties of eumelanin protomolecules with a substrate,

we will consider adsorption on a planar slab of Si [100] having bottom dangling bonds pas-

sivated with hydrogen atoms. The surface, counting about 300 atoms, is shown in figure 3

with a tetramer adsorbed.

Density-functional theory (DFT) calculations are performed using the plane-wave Quantum

Espresso package.33 The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional34 is

used together with ultrasoft pseudopotentials35 and Grimme correction to include dispersive

forces in the system.36,37 We used energy cutoffs of 20 Ry and 250 Ry for the wavefunction

and electronic density, respectively. Structures have been relaxed until all the atomic forces

were smaller than 0.001 a.u.

The calculations on the monomeric units and the complete tetrameric structures have

been performed with a unit cell with the smallest linear dimension of 20 Å thus leaving at

least 8 Å of empty space between atoms in replicated cells. Periodic boundary conditions are

applied to this large supercell with the Brillouin zone sampled at the Γ point only. In order
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to describe the effect of solvent on the formation energy, a continuum solvation model was

used: the self-consistent continuum solvation model (SCCS) proposed by Andreussi, Dabo

and Marzari38 and implemented in the Quantum espresso Environ tool33 has been adopted,

giving an implicit description of the solvents (methanol and water in our case).

Calculations on the adhesion energies of eumelanin protomolecules on the substrate were

performed using a (100) slab of Silicon atoms consisting of a 7×7 replica of the surface

unit cell. In this case we sampled the Brillouin zone with a grid of 4×4 points within the

Monkhorst-Pack scheme.39 Different starting molecule-surface configurations have been con-

sidered. They have been given as input to geometry optimization procedures which have

been performed by fully relaxing the positions of all of the atoms in a supercell, but for the

atoms of the bottom layer of the semiconductor slab which, instead, have been kept fixed to

mimic the underlying bulk. The results that we will present are referred to the minimum en-

ergy configurations. Performance of the adsorbed surfaces for photovoltaic applications are

eventually evaluated by calculating the system electronic structure and the density of states

projected onto the molecular and surface chemical species. More specifically, the density

of states is obtained projecting wavefunctions onto orthogonal atomic orbitals. HOMO and

LUMO levels are consequently identified with respect to the Fermi energy and their position

relatively to the surface valence and bottom bands extracted.

It is important to note that, in principle, Kohn-Sham eigenvalues of isolated (e.g.,

molecules) or extended (e.g., surface slabs) systems as given by the PBE functional can

be affected at different extents by delocalisation errors which, in particular, lead to underes-

timate the band gap or the HOMO-LUMO gap.40,41 On the other hand, a correct alignment

of electronic eigenvalues is crucial to provide a reliable estimate of the electronic properties

of the Si/Eumelanin interface. Nonethless, errors to the obtained values have been shown to

be small for similar systems42 and, more importantly, they are systematic; therefore, they

do not affect our conclusions which are entirely based on devised trends. Notwithstanding,

a comparison of band line-up of our systems computed via PBE and the hybrid BLYP43
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functionals has been performed with ultrasoft pseudopotentials: negligible differences have

been found, hence justifying the choice of PBE approach with respect to a hybrid and more

computationally demanding XC functional.

In addition to the effect of the choice of the exchange-correlation functional on the band-

alignment, we mention also the impact of the electric field due to the dipolar moment of

the asymmetric silicon slab. Such a contribution, however, i) affects only the offset of the

energy levels but not their relative difference; ii) it impacts the systems investigated here to

the very same extent, not compromising the reliability of the results.

Results and Discussion

In this section we present the results of our calculations on formation energies of eumelanins

and their adhesion properties on Si. We follow the above scheme of chemical disorder of

eumelanins and treat the electronic and molecular aspects separately. As it will become clear,

this theoretical framework represents a convenient scheme to tackle the problem allowing to

develop meaningful physical insight.

Electronic disorder

Electronic disorder relates to the distribution of redox states within the eumelanin molecules

or, equivalently, to the number and type of their constituing monomers (DHI, IQ, MQ, NQ).

The basic monomers are shown in figure 1: they have the same backbone, but differ in the

possible presence of =O groups in place of -OH. Also the N-H fragment can be replaced by

a single N in the monomers. The different terminations of the monomeric units naturally

determine different electronic configurations of the molecule, with a consequent change in

the single or double bonds among the constituting atoms. It is clear that the number of

possible electronic configurations is remarkably large: e.g. for a single tetramer there are

four possible oxidation monomeric forms (including the DHI monomer), implying 44 = 256
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electronic configurations. In addition, note that in some cases other tautomeric forms are

also possible (see for instance model 1-a in figure 4). Performing calculations of formation

and adhesion energies on all of them is impractical and we need an alternative strategy which

could be neverthless of some help in understanding the effect of this disorder. In order to

limit the computational cost yet offering insight on the problem, we focus on an individual

tetramer. Our choice, the first molecule of figure 2, represents a good candidate for the

following analysis, having no special properties (it lacks of particular symmetries and it is

not cyclic) and we take it as representative of all the collection of different tetramers. For

the given structural model, we consider four different electronic configurations, which are

schematically depicted in figure 4. They correspond to substantially different redox states,

differing in the number and location of =O terminations in the basic monomers (one =O

group, two =O groups, four =O groups and six =O groups, respectively). The formation

energies of these molecules are given in table 1 in vacuum, methanol and water. The choice

of methanol as solvent reflects the usual experimental conditions, being methanol the most

used solvent to synthetise eumelanin. The corresponding results are then properly compared

to those in water, the natural solvent by definition. Formation energies are calculated as

Etetramer + 3EH2 −
∑4

i Ei−th monomer, e.g. as the difference between the molecule energy and

the sum of the monomeric energies (the energy of the molecular hydrogen released in the

reaction is also included). The results show a clear dependence of the formation energies on

the solvent actually used in the synthetization process. The presence of solvent, here taken

into account via the dielectric permittivity of the medium, increases the formation energy

causing the weakening of the molecular stability. Some molecular configurations considered

are not formed in methanol (εr = 32.7), while none of them is stable in water (εr = 80.1).

Moreover, the deterioration of molecular stability in solvents with high permittivity is quite

general and will be noticed also in the next section for other tetrameric structures.

Another relevant information is that molecules with a high number of =O group termina-

tions yield improved stability, as opposed to -OH groups which determine a higher formation
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energy. A similar conclusion had already been noticed by Kaxiras31 when presenting his own

protomolecular model. However, in that case the result can be at least partially imposed by

the cyclic nature of the tetramer and the fact that for steric reasons at most two nitrogen

atoms can be present as N-H groups. Looking more carefully at the results of Table 1 it

seems clear that what is really important in determining the stability is the number of mono

oxidized sites (=O /-OH) and that further oxidation (=O/=O) provides a weaker source of

stability.

The number of =O terminated monomers seems to affect also the adhesion energies on a

Si surface. Figure 3 shows two views of adsorbed eumelanin. The adhesion energies are

calculated as the difference between the energy of the composite system and the sum of the

energies of the components (non-interacting surface and molecule). We present the results

in table 2 for the considered molecular structures. Stronger adhesion properties are found

for molecules with more =O groups, highlighting the nature of chemical bonding between

the molecules and the silicon atoms. Non terminated O atoms tend to bind to the surface,

because of both charge (the oxygen atom should be more negatively charged) and overlap rea-

sons (there is a C=O double bond for every one of these oxygen atoms and consequently, this

should favor the orbital interaction between surface and the π-type orbitals of the tetramer

around that zone). The impact of Si-O bonds in the interaction adhesion of our systems is

further confirmed by the distance of the O atoms from the surface. This should represent

a good geometrical parameter expressing the strength of the underlying adsorption process.

Values of the average distance of O-atoms for our systems is given in table 3 in systems

with higher number of =O groups, O atoms spatially distribute closer to the Si surface. The

last analysis is devoted to the electronic structure properties of the eumelanin-Si systems.

Figure 5 shows the Densities of States projected (PDOS) onto the eumelanin and surface

chemical atoms: the green and black curves represent the density of molecular and Si states

respectively, while HOMO and LUMO levels are shown as dashed lines. The continuum of

states of valence and conduction bands (shaded areas) of the bulk silicon surface can easily
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be recognised as well as the energy gap. Specifically, the top (bottom) energy of valence

(conduction) band of the Si surface can be accurately identified by looking at the leftmost

figure where the band diagram of the pristine Si surface is given: such levels are found in

correspondence of the parabolic dispersion of the energy curves. Importantly, dispersionless

states in the gap denote a set of states localised at the top and bottom Si surfaces.

From the eumelanin HOMO and LUMO levels the performance of the overall system in

photovoltaics can be eventually assessed. Among the considered systems, only the last one

presents a proper band-alignment, with the LUMO level higher in energy with respect to

silicon conduction band. In the other cases, the LUMO lies in the gap, negatively affecting

the efficiency of the resulting system. Besides, a clear trend in the electronic properties

can be noticed: in analogy with the previous calculations, molecules with more =O termi-

nated monomers tend to show the most favourable band line-up as shown in figure 5, hence

representing good molecular candidates as photo-active layer constituents in the envisioned

application. As already discussed above, these molecules, indeed, interact more strongly

with the surface and this generally favours a proper band alignment. A simple tight-binding

treatment of the problem of two interacting molecular systems is sufficient to explain the

larger energy separation of the levels as a consequence of a stronger interaction.44,45 In our

specific case, it is the interaction between the LUMO of the molecule and the higher occupied

levels of the surface which is especially important. Lower will be the LUMO of the molecule,

stronger will be the interaction. Increasing both the delocalization and the number of =O

groups lowers the LUMO of the isolated molecule which, thus, will interact more strongly

with the occupied levels of the Si surface. Therefore, the LUMO level will be expelled to

higher energies, eventually shifting inside the conduction band.

The conclusions drawn above are quite general and independent of the geometrical param-

eters of the surface. In particular, when increasing the thickness of the Si slab, a reduction

in the band gap should follow as a consequence of the reduced confinement effect. Con-

sequently, the LUMO level of new molecules could fall into the conduction band. In this
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respect, our calculations represent a lower limit for the photovoltaic performances of the

eumelanin/Si hybrid system. In summary, the robust conclusion is that the best molecular

candidates for such an application are those with a large number of =O group terminations

and a corresponding stronger interaction with the surface.

Molecular disorder

The other feature to be addressed when studying the performance of a eumelanin-based solar

cells, is that of molecular disorder, i.e. the variety of structures obtained by unlike assem-

bling oligomers (in our case tetramers) from the monomeric building blocks. The number of

possible tetramers can be roughly estimated: assuming four possible reactive sites in each

monomer where binding with other units can occur, we obtain 4 · 4 · (4 · 3) · (4 · 3) · (1/2) =

1152 structural models (two of the four monomers bind at only one site, the remaining

monomers at two sites). Such a large number of possibilities makes also the treatment of

molecular disorder unpractical via a systematic simulative approach. Hence, we adopt a

more computationally efficient strategy which allows to extract information on the effect

of geometry of the protomolecular models. We identified a reduced set of members in the

ensemble of all possible tetrameric configurations, which should be proper representative

members of all the possibilities. They are prototypical structures representing paradigmatic

characteristics, namely: planar and non-planar, as well as cyclic and non cyclic molecular

structures.

In order to focus on the structural dependence of the formation and adhesion processes, we

choose the molecules such that they are in a similar electronic state. Although the oxidation

state may in general affect the planarity, let us remind that i) in our case, negligible modifi-

cations due to electronic state have been found in the geometry of the molecules investigated;

ii) for the time being, we are interested in disclosing trends. Exploiting the conclusions of

the analysis on electronic disorder, the choice of similar electronic state amounts to stating

that all the molecules are given the same number of =O terminated groups (or, equivalently
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the same monomeric components). Specifically, in the following each molecule will have six

=O groups (two NQ and two IQ monomers). We believe that this is the most appropriate

strategy for our purpose, i.e. extracting useful information at a reasonable computational

price. In addition, the similar configuration state will allow an almost fair comparison of the

selected candidates. We begin calculating the formation energies of the five molecular mod-

els considered: results are shown in table 4. The effect of solvent in the formation process

is again evident in the reduced values of energies, confirming the general trend previously

discussed, namely: solvents with high permittivity affect the molecular stability with a con-

sequently poorer efficiency of the eumelanin synthetisation process. The values in Table 4

reflect clearly two competing sources of stability for these molecules: (i) the delocalization

within the π-system, and (ii) the tendency to minimize the steric interactions. These two

effects are not independent since the type of oxidation and the number of H bonded to the

N atoms are related. In models 1 and 2 delocalization is obviously the dominant source of

stabilization, whereas in models 4 and 5 it is the minimization of the steric repulsions which

takes the lead. Model 3 suffers from the smallest stability: this can be attributed to its

geometrical configuration intrinsically leading to a stronger steric repulsion force among the

out-of-plane aromatic rings.

The result which, however, reveals the most intriguing dependence on the structural pa-

rameters is represented by the adsorption on silicon. The adhesion energies of the molecules

are summarized in table 5, showing the strongest adhesion for model 1.3

The differences in adhesion energies can be traced back to the modifications of the molecular

structures upon interaction with the surface atoms. In this regard, figure 6, which shows a

cross-section of the different adsorbed systems, allows to recognize how the strongest inter-

action between molecule and surface is realized for molecules maximizing the contact surface

with silicon (the number of =O groups closer to the surface). Molecules with an intrinsically

planar character, like model 1-d and 2, are naturally favoured since a large part of their

surface can be used to bind to the surface atoms.
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One remark is now in order, namely: models 1-d and 2 reveal the strongest interaction

with Si surface, being endowed with an evident planarity. However, their adhesion energies

differ for a considerable quantity of about 2 eV. Such a difference can be attributed to the

different internal rigidity of the molecules. The tetramer 2 has a known cyclic structure

in which every constituing monomer is spatially constrained by two adjacent units. Hence,

the extent to which monomers can spatially move to find the most energetically convenient

configuration is limited. On the other side, the tetramer 1 has monomeric units only weakly

constrained by the others and the overall structure appears more flexible. This represents

a new degree of freedom for the molecule which further allows the molecule to explore the

configuration space in search for more stable minima.

We conclude this section presenting the results of our calculations of the electronic struc-

tures for the systems investigated. Figure 7 shows the Density of States projected onto the

molecular and surface chemical species. As it can be seen, the planar character of the eume-

lanin models dictates also the HOMO (LUMO)-band alignment. The planar molecules, since

they can exploit all their surface and =O group atoms to bind to the surface, are involved in

strong interaction with silicon. As already discussed, this leads to a large separation in the

resulting HOMO (LUMO) levels and to a possibly improved efficiency. Specifically, models

1-d and 2 show the LUMO level above the bottom conduction band, respectively. The re-

maining systems, on the contrary, denote LUMO levels in the silicon energy gap, with an

expected lower propensity for the application considered here. Once again, we stress here the

generality of our conclusion which is independent on the geometrical features of the system.

Conclusions

In this work we investigated the formation process of eumelanin molecules and their adhesion

properties on a Si substrate to address the potential of such a hybrid system for photovoltaic

applications. Via DFT calculations, the formation of eumelanin protomolecular structures
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from the basic monomeric units has been assessed, disclosing the negative impact on the

process played by the presence of solvent (methanol and water in our case). Adopting the

chemical disorder framework, generally employed to deal with the complexity of eumelanin

protomolecules, we focused our attention on tetrameric models, which are the most probable

molecular candidates. Electronic and Molecular disorder have been discussed separately

in order to disclose the impact of redox state and geometrical features on the properties

of our applicative interest. In this respect, results demonstrate how 1) adhesion on a Si

surface is improved by a large number of non-terminated oxygen atoms in the molecules

(or equivalently, by a large number of IQ monomers); 2) intrinsically planar protomolecules

generally lead to a strong interaction with the surface due to the larger contact surface.

The electronic band structure of the organic/inorganic interface is affected by the mentioned

molecular features as well: planar molecules with many non-terminated oxygens show the

best energy levels line-up for photoconversion applications.
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Table 1: Formation enegies [eV] of tetrameric Model 1 in the four electronic configurations
of figure 4. Values in vacuum, methanol and water are given.

Formation energy [eV] Vacuum Methanol Water
Model 1-a (one =O) -0.56 -0.12 0.67
Model 1-b (two =O) -0.26 0.35 0.74
Model 1-c (four =O) -1.20 -0.07 0.92
Model 1-d (six =O) -1.46 -0.20 0.91

Table 2: Adhesion energies of tetrameric Model 1 in the four electronic configurations of
figure 4.

Molecule Adhesion Energy [eV]
Model 1-a (one =O) -5.37
Model 1-b (two =O) -6.73
Model 1-c (four =O) -7.85
Model 1-d (six =O) -10.99

Table 3: Average distance of Oxygen atoms from the silicon surface of tetrameric Model 1
in the four electronic configurations of figure 4.

Molecule Average O-distance [Å]
Model 1-a (one =O) 2.40
Model 1-b (two =O) 2.39
Model 1-c (four =O) 2.20
Model 1-d (six =O) 1.96
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Table 4: Formation energies of tetrameric Models of figure 2.

Molecule Form. Energy-vacuum [eV] Methanol Water
Model 1 -1.46 -0.20 0.90
Model 2 -1.64 -0.22 0.73
Model 3 -0.34 0.59 0.97
Model 4 -1.18 -0.11 0.39
Model 5 -1.94 -0.43 0.25

Table 5: Adhesion energies of tetrameric Models of figure 2.

Molecule Adhesion Energy. [eV]
Model 1 -11.02
Model 2 -8.93
Model 3 -7.22
Model 4 -6.93
Model 5 -8.63

DHI IQ

MQ

C

H

N

O
NQ

Figure 1: Monomeric species involved in eumelanins that are considered in the present work:
5,6-dihydroxy-indole (DHI) and its three redox forms (indolequinone (IQ), quinone-methide
(MQ) and quinone-imine (NQ)).
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Model 2Model 1-d Model 3 Model 4 Model 5

C

H

N

O

Figure 2: Eumelanin tetramers considered in this work. The corresponding precursor forms
of the same tetrameric models (not shown here) have the same structure with all reactive
sites terminated with OH groups.

a) b)

C

H

N

O

Si

Figure 3: Adsorption of tetrameric model 1-d by Panzella3 on a Si surface. The full system
with the slab of the surface supercell used in the calculations is displayed: (a) side view, (b)
top view. The bottom atoms are Hydrogen-passivated.
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(1 =O group)

Model 1-a

(2 =O groups)

Model 1-b

(4 =O groups)

Model 1-c

(6 =O groups)

Model 1-d

C

H

N

O

Figure 4: Tetrameric model 1 in four different electronic configurations. The redox states
showed present one, two, four and six =O groups, respectively. They are referred in the text
as Model 1-a, 1-b, 1-c and 1-d.
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Figure 5: Density of states (DOS) projected onto the molecular and surface chemical species
for the different electronic configurations. Black and green curves represent the density of
molecular and silicon states, respectively; HOMO and LUMO levels are shown via dashed
lines in the figure, while shaded areas identify conduction (in gray) and valence bands (or-
ange). In the left-most figure the band diagram of the pristine silicon surface is shown:
valence and conduction bands correspond to parabolic dispersion curves (shaded areas). On
the contrary, dispersionless states inside the gap denote electronic states localised on the top
and bottom silicon surfaces.
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Figure 6: Side views of the relaxed silicon surfaces adsorbing the tetrameric models consid-
ered in this section.
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Figure 7: Density of states projected onto the molecular and surface chemical species for
the different structural models. Black and green curves represent the density of molecular
and silicon states, respectively; HOMO and LUMO levels are shown via dashed lines in the
figure, while shaded areas identify conduction (in gray) and valence bands (orange). Top
valence (bottom conduction) energies are found by direct comparison with the corresponding
band diagrams (not shown here).
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