Downloaded via UNIV OF NAPLES FEDERICO Il on December 10, 2024 at 16:25:27 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Made available through a Creative Commons CC-BY License E
THE JOURNAL OF

ACS
PHYSICAL CHEMISTRY AUTHORCHOICE

pubs.acs.org/JPCC

Eumelanin Adsorption on Silicon: Optical Properties of Si(001)-
Adsorbed Eumelanin Tetrameric Protomolecules

Elena Molteni,* Giancarlo Cappellini, Roberto Cardia, Giovanni Onida, and Guido Mula

Cite This: J. Phys. Chem. C 2020, 124, 9376-9384 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information
ABSTRACT: We predict the optical properties (in particular 01 clean Si(001) Clean Si

optical absorbance and reflectance anisotropy spectra (RAS)) of _ o008 —— Si(001):PNZ-0deg P d

the silicon(001) surface organically functionalized by the < N :f(gg:)fgzi'i:deg N Y Y
adsorption of chosen tetrameric eumelanin protomolecules. % ’ R AL
These Si(001):tetramer systems can be considered as models of § 004 = ta SiPNZ e
hybrid (porous) silicon—eumelanin interfaces, a system with < ., '{3., ”'x;«— S
potential applications in photovoltaics. In spite of a weak effect = W\
of tetramer adsorption on Si(001) overall absorption spectra, first- 05 03 06 09 12 15 18 NAAARNTSAANAS
principles results based on plane wave density functional theory Photon energy (V)

allowed us to identify specific regions, in the interesting IR and
visible range, where the adsorbed molecules yield large enhancements in surface absorbance, and the appearance of new RAS
features.

B INTRODUCTION chromophores in other biomolecules have been addressed by
Eumelanin is a photoprotective pigment widely present in living some of us using a systematic approach in the past years. In many
organisms: it is interesting both for its biological role and in view of those cases the role of the single small-scale constituent
of possible applications, e.g., as a photoactive layer in hybrid turned out to be of fundamental importance.”"" In the case of
solar cells. Porous silicon (PSi)—eumelanin interfaces are eumelanin, as mentioned above, the scenario is different,”* and
interesting systems for photovoltaic applications, due to the oligomerization needs to be taken into account in order to
large surface-to-volume ratio of the porous substrate, the properly describe the experimental absorption spectrum of the
peculiar broadband UV—vis absorption spectrum of the pigment. All these experimental and computational results point

pigment, and its biocompatibility and biodegradability. Indeed
the ability of eumelanin functionalization to extend the
absorption range of PSi toward longer wavelengths has been
demonstrated."”

The basic building blocks of eumelanin are $,6-dihydrox-
yindole (DHI)-like molecules. Although the detailed 3D
structure of the pigment is not known, a wealth of experimental
measurements suggest the presence of locally ordered 7-stacked

to small oligomers as the most probable units undergoing
stacking in the eumelanin pigment.

Computational investigations have been reported on the
energetics, adhesion properties, electronic properties, and
interface stability of simplified models of the PSi—eumelanin
interface, consisting of tetramers of DHI-like molecules
interacting with the silicon(001) surface.'”"?

arrangements of relatively small oligomers (like tetramers or Clearly, a theoretical understanding of the effects of
pentamers) of DHI-like molecules, > and the role of stacking eumelanin on the optical properties of the substrate, in addition
and oligomerization in the emergence of the broadband to the above-mentioned issues, is of paramount importance to
eumelanin spectrum is actively studied from the computational control and optimize the behavior of these composite materials
point of view (e.g., refs 6 and 7). in terms of both stability and photovoltaic properties. First-

In particular, it has been demonstrated that the DHI-like principles calculations on organically functionalized surfaces are

monomers have an absorbance spectrum localized mainly in the
UV, in both their isolated® and stacked®” forms. Therefore,
monomers alone cannot be responsible for the typical eumelanin
broadband absorption from IR to visible and UV, which is so
important for shielding living organisms from light-induced
damages.

Studies of the electronic properties and optical absorption
spectra of monomeric constituents of eumelanin (namely, DHI,
DHICA (S,6-dihydroxyindole-2-carboxylic acid), 1Q_(indole-
quinone), and MQ (quinone-methide)) and of small

able to yield valuable highlights in this respect (e.g., refs 14 and
15), also in cases where the experimental approach cannot reach
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a sufficiently detailed information, being therefore a powerful
and fundamental tool in this field.

In this work we investigate, by plane wave density functional
theory (DFT), the absorption spectra and reflection anisotropy
spectra (RAS) of the DHI-like tetramer-functionalized Si(001)
surface, focusing on the effect of molecule adsorption in terms of
sensitivity to the type of adsorbed molecule and to its adsorption
configuration.

B METHODS

Computational Details. All the present calculations are
performed within plane wave (PW) DFT'®'" using the
exchange—correlation functional in the form by Perdew,
Burke, and Ernzerhof (GGA-PBE).'® To describe the ion—
electron interaction, we use norm-conserving pseudopotentials
of the Trouiller—Martins-type generated via the FHI9SPP'"
code.

The plane wave approach is the natural choice for describing
periodic systems such as 3D crystals or 2D crystal surfaces,
allowing one to study extended (in principle infinite) systems by
using a (relatively) small unit cell, thus reducing the computa-
tional cost. Since the focus of this work is on the Si(001) surface
(periodic along the two surface directions) functionalized by the
adsorption of eumelanin protomolecules, we take advantage of
the PW approach.

We model the Si(001) surface with a periodically repeated
asymmetric slab, using a supercell containing 8 Si layers plus a
vacuum region (including adsorbed molecules) of ~1.74 nm,
equivalent in thickness to 12—13 Si layers. Our supercell
corresponds to an (8 X 4) in-plane surface periodicity, with an
area which is 4 times that of the (4 X 2) Si(001) reconstruction,
hence containing 16 of the Si dimers which are typical of the
clean Si(001) surface. Our choice allows modeling of the
adsorption of the investigated tetrameric protomolecules
roughly parallel to the surface. The Si bottom layer is saturated
by hydrogen atoms. For ground state calculations we sample the
surface Brillouin zone (SBZ) with a (4 X 4) shifted Monkhorst—
Pack mesh,** where all the k-points are shifted by 1/4 of the BZ
width along the two in-plane directions. The kinetic energy
cutoff for the planewave expansion is set to 20 Ha.

We compute optical properties within the independent
particle random phase approximation (IP-RPA),*' ie, by
computing the macroscopic dielectric function of the supercell
as a sum of individual valence (v) to conduction (c) direct
transitions between Kohn—Sham eigenstates:

167
Im 8jj(a)) = e Z |<y/1/k|(v)j|ylck>|25(€ck —€p— W)
v,c,k

(1)

Here v is the velocity operator and j = «, y, z.
For all the investigated systems, i.e., Si(001):tetramer systems
and the clean Si(001) surface, we compute the absorbance of the

slab model for light at normal incidence”*™** as

oL
Here j = parl, par2 labels the light polarization, L is the length of
the simulation cell along the surface normal, and c is the velocity
of light. We remark that the A; is independent of the thickness of
the vacuum region. In particular, we choose as parl axis the
direction of Si dimers of the clean Si(001) surface, and we
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choose as par2 the orthogonal in-plane direction, i.e., the Si
dimer axis.

The RAS spectrum is obtained as**>°

A
A—R(w) _ 4a)LIm{ e(w) }
R c eue(®@) — 1 (3)
where Ae = €,4,1 — €42, and &y is the dielectric function of

bulk Si.

We obtain converged optical spectra in the range of interest by
including empty states with energy €, up to ~8 eV above the
valence band maximum and by sampling the SBZ on a (4 X 4)
shifted Monkhorst—Pack mesh,”” where all the k-points are
shifted by 1/4 of the BZ width along the two in-plane directions.

In all cases a Lorentzian broadening of 0.2 eV is added to the
o-like contributions from eq 1.

For ground-state geometries and electronic structure we rely
on Quantum ESPRESSO,””** a suite of open-source codes for
electronic structure calculations based on density functional
theory, plane wave expansion of the electronic wave functions
and ionic pseudopotentials, while in all the optical properties
calculations we use Yambo,” a plane wave code that allows
calculation of the optical response starting from the previously
generated Kohn—Sham wave functions.

Structural Details. We consider adsorption of two different
tetrameric eumelanin protomolecules, the “linear” PNZ one®’
and the cyclic porphyrin-like IMIM one”" (Figure 1), deposited
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Figure 1. Geometries of: the PNZ tetramer in the gas phase (a) and
adsorbed on the Si(001) surface in the 0° orientation (b); the IMIM
tetramer in the gas phase (c) and adsorbed on the Si(001) surface in the
0° orientation (d). Silicon atoms are depicted in pale yellow, carbon in
black, nitrogen in indigo, oxygen in red, and hydrogen in white.

on the clean 4 X 2 reconstructed Si(001) surface. Indeed, on the
basis of experimental data’ > on the lateral size of stacked
arrangements of protomolecules present in the eumelanin
pigment, tetramers are among the most likely units undergoing
stacking and have therefore attracted interest in the literature.
Among the large variety of possible tetrameric protomolecules
proposed in the literature (corresponding to different arrange-
ments of four DHI-like monomers, their oxidation states, etc.),
we chose the noncyclic tetramer described by Panzella et al.”
(hereafter called PNZ) and the so-called IMIM porphyrin-like
one’' as prototypes of two significantly different classes of
tetramers. This allows us to investigate the dependence of the

https://dx.doi.org/10.1021/acs.jpcc.0c01293
J. Phys. Chem. C 2020, 124, 9376—9384
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Figure 2. RAS spectra of Si(001):PNZ with three different orientations of the tetramer on the surface plane (0° dark green solid curve, 22.5° magenta
long dashed-dotted curve, 45° orange short dashed-dotted curve), compared with clean Si(001) (cyan solid curve with dots): (a) 0—7 eV range; (b)
0—2 eV range. Si(001):IMIM (0° black long dashed curve, 22.5° red dots, 45° blue short dashed curve), compared with clean Si(001) (cyan solid

curve): (c) 0—7 eV range; (d) 0—2 eV range.

optical properties of the functionalized silicon surface on the
type of adsorbed tetramer.

In order to sample the effect of variations in adsorption
geometry on the optical properties of the functionalized silicon
surface, we considered (for each of the two molecular species)
three distinct adsorption configurations, only differing in the
orientation of the tetramer with respect to the relevant
directions on the Si(001) surface (the direction of silicon
dimers and the one of dimer rows), while keeping the molecule
roughly parallel to the Si surface in all cases. On the basis of the
peculiar symmetry of the porphyrin-like IMIM tetramer, which
is invariant (in its planar geometry and neglecting the
protonation state of internal nitrogen atoms and external
oxygen atoms) under 90° rotations within the molecule plane,
we considered, for both IMIM and PNZ, 22.5° rotations and
restricted ourselves to three different orientations only, which
we labeled as 0°, 22.5°, 45°, conventionally taking the first one as
reference, as depicted in Figure 1. The relative differences in
total energy among the investigated systems are in all cases very
small (below 0.1% of the total energy of the adsorbed system),
with the 0° geometry being slightly energetically disfavored
(favored, respectively) with respect to the other two orientations
for PNZ (IMIM, respectively).

B RESULTS AND DISCUSSION

In Figure 2 we report reflection anisotropy spectra for the
investigated Si(001):X systems (where X is either the PNZ or
the IMIM tetramer in one of the chosen in-plane orientations,
ie, 0° 22.5° 45°), compared to the RAS spectrum of the clean
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Si(001) c(4 x 2) surface. The clean Si(001) RAS spectrum
(cyan curve) displays two characteristic negative peaks, at
~1.3—14 eV and at ~3 eV, in agreement with previous
experimental®® and computational'***~>* literature.

The main changes induced by adsorption of the investigated
tetrameric protomolecules, the “linear” PNZ and the cyclic
porphyrin-like IMIM, in the chosen geometries, are a reduction
in intensity of the two above-mentioned clean Si(001) RAS
peaks and the appearance of a further negative feature at lower
energy (<1 eV). The quenching of the two negative clean
Si(001) peaks is here less dramatic than the one observed for the
same surface, functionalized by the adsorption of uracil-like
pyrimidinic nucleobases:'* this may be due to the fact that in the
present Si(001):tetramer systems the adsorbed molecules only
partially saturate the silicon dangling bonds on the surface,
leaving a much higher density of unsaturated silicon surface
dangling bonds with respect to the case of ref 14 as discussed in
the Supporting Information. The new feature below 1 eV
appearing in RAS spectra of Si(001):tetramer systems is
sensitive, both in intensity and in energy position, to the type
of adsorbed molecule and, in the IMIM case, also to its
adsorption geometry (see Figure 2).

RAS features, and their changes upon molecule adsorption,
can be related to absorption spectra for light polarized along the
two corresponding in-plane directions, parl and par2, as can be
observed in Figure 3. Optical absorbance spectra of the clean
Si(001)(4 X 2) surface display the well-known typical peak at
~1.3 eV, with a shoulder at ~3 eV (not shown), for light
polarization along the direction of Si dimer rows, as visible in the

https://dx.doi.org/10.1021/acs.jpcc.0c01293
J. Phys. Chem. C 2020, 124, 9376—9384
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Figure 3. Optical absorbance A(w) of Si(001):PNZ systems (0°, 22.5°, 45°) and clean Si(001) for light polarized along the parl (a) and par2 (b)
directions. Si(001):IMIM systems (0°, 22.5°, 45°) and clean Si(001) for light polarized along the par1 (c) and par2 (d) directions. Color codes are the
same as in Figure 2. parl and par2 are the two mutually orthogonal directions, both parallel to the surface plane, used for RAS calculations.

right panel of Figure 3. These are the two features originating the
two negative peaks in the absorption anisotropy AA(w) =
Ay (@) — Ayen(@) of the clean surface (cyan curves in Figure
4§, corresponding to the two well-known clean Si(001) RAS
negative peaks.

In tetramer-functionalized systems the two absorption
features at ~1.3 eV (right panels of Figure 3) and ~3 eV (not
shown) for polarization along Si dimer rows are quite reduced in
intensity, without being completely quenched. The same holds
for the corresponding negative absorption anisotropy peaks
(Figure 4). Accordingly, the negative RAS peaks at the same
frequencies are still present, although with reduced intensity
(Figure 2).

On the other hand, as shown in the right panel of Figure 3,
absorption spectra for light polarized along Si dimer rows (par2
direction) show a rather large increase in intensity below 1 eV
upon tetramer functionalization. Such enhancement is either
low or absent for the parl polarization (left panel of the same
figure). The absorption anisotropy spectrum becomes accord-
ingly more negative upon molecule adsorption in the region
below 1 eV (see right panels of Figure 4), as well as the RAS
spectrum (Figure 2).

Overall, silicon(001) surface functionalization by the
monolayer/submonolayer adsorption of the investigated
tetrameric eumelanin protomolecules in the chosen geometries
induces some change in the optical absorption spectra for in-
plane polarizations (Figure S). Such changes are only sizable in
the lower energy part (0—2 eV), where calculated spectra allow
one to predict measurable effects.
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Indeed the integrated absorption change for in-plane
polarization in the tetramer-functionalized Si(001) surface
with respect to the clean one ranges from +1.6% to +2.15% if
referred to the whole investigated energy interval, i.e., 0—7 eV
(from +1.6% to +1.7% for Si(001):PNZ systems, from +1.9% to
+2.15% for Si(001):IMIM systems, considering for each the
three analyzed orientations: 0°, 22.5°, 45°). By restricting the
integration interval to the low energy range up to the upper
visible limit (3.1 eV), the integrated absorption variation of
Si(001):X systems with respect to clean Si(001) ranges from
—0.9% to +4.3% (from —0.9% to +1% for Si(001):PNZ systems,
from +2.8% to 4.3% for Si(001):IMIM ones).

By focusing on specific frequencies, within the IR and visible
region, we find in some cases substantial changes of absorbance
upon surface functionalization and different trends for the
Si(001):PNZ vs Si(001):IMIM systems. In Si(001):PNZ
systems, for instance, moving from the low energy end of the
spectrum up to 2 eV, regions where tetramer adsorption
enhances surface absorbance alternate with other ones where the
opposite effect is observed. More in detail, let us consider the
three investigated Si(001):PNZ geometries (0°, 22.5°, 45°): at
0.8 eV their absorbance enhancement with respect to the clean
Si(001) surface ranges from +40% to +49% of the corresponding
clean Si(001) absorbance; at 1.3 eV, on the contrary, they
undergo a reduction in absorbance ranging from —17% to
—21%; at 1.8 eV the variation is positive again, ranging from
+12% to +13%. In Si(001):IMIM systems, on the other hand,
the absorbance variation induced by molecule adsorption is
positive in almost all cases throughout the 0—2 eV interval. In

https://dx.doi.org/10.1021/acs.jpcc.0c01293
J. Phys. Chem. C 2020, 124, 9376—9384
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Figure 4. Optical absorbance anisotropy, AA(w) = Apml(a)) - Apm(w), for Si(001):PNZ (0°, 22.5°, 45°), compared with clean Si(001): (a) 0—7 eV
range; (b) 0—2 eV range. Si(001):IMIM (0°,22.5°,45°), compared with clean Si(001): (c) 0—7 eV range; (d) 0—2 eV range. Color codes are the same

as in Figure 2.

particular, at 0.4 eV their absorbance is enhanced by +227% to
+247% of the corresponding clean Si(001) absorbance, and at
1.8 eV the enhancement ranges from +13% to +17%. Specific
theoretical energy values may be subject to the well-known error
due to Kohn—Sham DFT gap underestimation and may hence
be shifted in reality. The use of hybrid exchange—correlation
functionals such as the B3LYP one may improve the results,
mainly by an enlargement of the energy gap between filled and
empty electronic states; however this should not affect the
general trends observed here nor the important finding
regarding the possibility of selectively enhancing the absorbance
of the Si(001) surface at specific frequencies through eumelanin
functionalization, as discussed below.

The adsorption of several layers of eumelanin tetramers
(beyond the scope of this work) may be expected to have larger
effects on the optical properties of the silicon surface.

These results regarding the “selective” optical response (i.e.,
absorption at specific frequencies) and the overall one
(integrated absorption) of eumelanin-functionalized Si(001)
could be of great importance for applicative scopes, mainly to
boost the harvesting of photons in silicon-made devices either in
selected energy slots or in extended energy ranges. The main
message emerging from the present results is that to enhance the
overall/wide-range absorbance of silicon surfaces, one should
probably consider several layers of adsorbed eumelanin, while a
single eumelanin layer should be sufficient for strong selective
absorbance enhancement at specific frequencies.

In order to identify the role of eumelanin tetramers and of the
substrate in the predicted absorption (and absorption
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anisotropy and RAS) changes, we analyzed the spatial
localization of the occupied and empty states involved in
dipole-allowed transitions. To this aim, we modified eq 1 by
weighting valence and conduction states according to their
localization W& = Y peol(Ply, )l and we = Y seal(Ply )P,
respectively, where @ indicates the set of Si (substrate) or
tetramer (molecule) atoms and ¢ indicates an atomic orbital
belonging to one of these two parts:*°

(0) =

> WEIWE Ky ()l )Po(ey — € — @)

v,c,k

P’
Im &
167

2

@ (4)

Through this procedure we can disentangle four different
contributions in optical spectra according to the possible choices
of ® and @'.

By thus decomposing the in-plane absorption anisotropy
AA(®) (more sensitive to surface details with respect to total
absorption) in terms of contributions coming from valence to
conduction transitions involving states mostly localized on the
silicon substrate or on the adsorbed tetramer (as shown in
Figure 6 for the Si(001):PNZ-0° and Si(001):IMIM-0° cases),
we found that (1) the largest contribution in the investigated
energy range (0—7 eV) always stems from substrate—substrate
transitions (blue dashed-dotted curves in the Figure 6) and (2)
we cannot identify specific energy regions where the relative
contribution from molecule—molecule transitions (magenta
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Figure S. Optical absorbance A(®), averaged on the two mutually orthogonal in-plane polarization directions, parl, par2, for the Si(001):PNZ systems
(0°,22.5° 45°), compared to clean Si(001) (a, b), and for the Si(001):IMIM systems (0°, 22.5° 45°), compared to clean Si(001) (c, d). Color codes

are the same as in Figure 2.

long dashed curves) is appreciably higher than in the rest of the
spectrum.

By looking in more detail at these decompositions, we can
identify differences among the various Si(001):tetramer systems
in the detailed behavior of the molecule—molecule contribution
to total absorption and to absorption anisotropy. As an example,
Figure 7 shows this contribution to absorbance for the two in-
plane polarizations, parl and par2, for the Si(001):IMIM-0° and
the Si(001):IMIM-45° cases. In the Si(001):IMIM-45° system
(right panel of the Figure 7) we can observe a remarkable
anisotropy between the two chosen in-plane polarization
directions, parl and par2, at energies below 2 eV, which is
absent in other cases (e.g., see the Si(001):IMIM-0° system, left
panel of the Figure 7).

This low energy parl—par2 anisotropy in the molecule—
molecule contribution to absorbance of the full system
(molecule + substrate) in the Si(001):IMIM-45° case might
be at least partially related to the relative orientation, in this
specific system, of the chosen polarization directions with
respect to the symmetry axes of the molecule.

In order to focus on effects and trends due to the molecule
only, in Figure S1 of the Supporting Information we show the
photoabsorption cross-section for chosen polarization direc-
tions of “IMIM-only-Odeg-adsgeom” and “IMIM-only-45deg-
adsgeom” models, i.e., of the gas phase IMIM molecule, frozen
in its adsorbed geometry extracted respectively from the
Si(001):IMIM-0° and from the Si(001):IMIM-45° system.
The Y and Z polarization directions used there for the IMIM-
only-45deg-adsgeom model are rotated by 45° with respect to
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parl and par2, respectively, so that they would coincide with the
parl and par2 directions used for IMIM-only-Odeg-adsgeom, if
the two gas phase systems had an identical geometry. Indeed the
photoabsorption cross-section spectrum of the IMIM-only-
45deg-adsgeom model for light polarization along Y (Z) is
similar (although not identical) to the one of the IMIM-only-
0deg-adsgeom model for parl (par2) polarization.

The observed differences between the photoabsorption cross-
section along Y (Z) of IMIM-only-45deg-adsgeom and that
along parl (par2) of IMIM-only-Odeg-adsgeom can be under-
stood if we keep in mind that the various “IMIM-only” models
cannot be obtained from one another by simply rotating the
IMIM molecule by the chosen angle within the molecular plane.
Indeed, upon adsorption on the silicon surface, the tetramer
molecule can (and does) undergo geometric rearrangements
consisting, for the investigated systems, of distortions with
respect to planarity and, in some cases, in a slight rotation. These
geometric changes are in general dependent on the adsorption
orientation.

Apart from the above-discussed differences in the details of
the molecule—molecule contribution among the investigated
models, in all cases the contribution to total absorbance and to
in-plane absorbance anisotropy from molecule—molecule
transitions is negligible (notice the different scales for
absorbance between the plots in Figure 7 and those in the left
panels of Figure 5).

Some of us had previously reported on the optical properties
of the Si(001) surface functionalized by the adsorption of
pyrimidinic nucleobases:'* in that case, RAS and absorbance

https://dx.doi.org/10.1021/acs.jpcc.0c01293
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Figure 7. Contributions of molecule—molecule transitions to the absorbance A(w), for light polarization along the two in-plane directions parl (black
solid curve), par2 (red dashed curve) for the following systems: (a) Si(001):IMIM-0°; (b) Si(001):IMIM-45°.

anisotropy spectra were displaying regions where the contribu-
tion from molecule—molecule transitions was sizable (of the
order of 40% for absorption anisotropy).

In such regions, the spectra were quite sensitive to the type
and geometry of the adsorbed molecule. Instead, regions where
the contribution from substrate—substrate transitions was
largely prevalent showed almost no dependence on molecule
type and geometry. In the present Si(001):tetramer systems we
cannot identify specific RAS regions that are much more
sensitive to adsorbed molecule type and geometry than the rest
of the spectrum; a moderate sensitivity to molecule orientation
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is present in the ~1.2—3.2 eV range for Si(001):PNZ systems
and in the 0—1.8 eV and 2.5—3.5 eV ranges and above 5 eV for
Si(001):IMIM systems.

B CONCLUSIONS

In this work we studied the optical properties of chosen
eumelanin tetrameric protomolecules adsorbed on the Si(001)
surface. These Si(001):tetramer systems can be considered as
simplified models of the porous silicon—eumelanin hybrid
interface, which is currently studied in the literature in view of its
possible applications in photovoltaics. Using a plane wave
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density functional theory approach, we calculated absorption
and reflectance anisotropy spectra for two different tetramers,
the noncyclic PNZ one and the cyclic, porphyrin-like IMIM one,
as prototypes of two significantly different classes of tetramers
adsorbed on the Si(001) surface. For each of the two tetrameric
species, we considered three different orientations on the silicon
surface while keeping the molecule roughly parallel to the
surface in all cases. We were thus able to investigate the effect of
molecule adsorption on the surface optical properties and their
sensitivity to molecule type and geometry. While total
absorption is the more directly relevant property in view of
photovoltaic applications, our choice of also computing RAS was
motivated by its known sensitivity to surface details, which
renders it particularly well-suited for an analysis of relatively
small, although non-negligible, effects, such as those induced by
monolayer/submonolayer adsorption of the chosen tetramers
on Si(001).

The typical negative RAS peaks (at ~#1.3 eV and ~3 eV) of
clean Si(001) are only partially quenched in the eumelanin-
functionalized surface, while a new negative RAS feature appears
below 1 eV, sensitive both to tetramer type and adsorption
geometry. In optical absorption spectra, although the overall
effect of adsorbed tetramers is weak, we can identify (in the
relevant IR and visible range) spectral regions where surface
functionalization induces non-negligible enhancements or
decreases in absorbance with respect to the clean Si(001)
surface. These absorbance variations are different for the two
investigated molecular species, and in some cases large
absorbance enhancements are observed already within these
monolayer/submonolayer model systems. This opens interest-
ing perspectives, considering that the adsorption of more than
one layer of eumelanin tetramers may be expected to affect the
optical properties to an even larger extent. An investigation of
the adsorption of stacked layers of eumelanin tetramers on
Si(001) and its effects on the optical properties of the surface
may be the subject of future works, taking advantage of the same
plane wave approach used here, which allows such an extension
by simply enlarging the cell size along the out-of-plane direction
while leaving it unchanged in the in-plane directions.
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