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Optical properties of organically functionalized silicon surfaces: Uracil-like nucleobases on Si(001)
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We predict UV reflectance anisotropy spectra (RAS) of the organically functionalized silicon (001) surface
covered by pyrimidinic uracil-like nucleobases. First-principles results based on density functional theory show
characteristic spectral features appearing in the UV range between 3 and 7 eV, besides the expected quench in
the well-known two-minima RAS signal of clean Si(001). Nucleobase adsorption in the energetically favored
“dimer bridge” configuration gives rise to a characteristic RAS line shape, common to thymine, uracil, and
5-fluorouracil. We trace back the origin of such spectral features by singling out RAS structures induced by
relaxation and passivation effects on the Si surface, and those directly associated with molecular excitations. The
former turn out to be the same for the three nucleobases, and are totally unaffected by molecular tilting. The
sign and position of the latter RAS peaks at higher energy exhibit a moderate nucleobase dependence, and can
be fully rationalized in terms of the molecular orbitals involved. The present theoretical results call for a RAS
experimental study in the UV region extending up to ~6-7 eV.
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I. INTRODUCTION

Organically functionalized solid surfaces have acquired a
fundamental role in many fields of research, ranging from
DNA sequencing [1,2] to semiconductor devices with novel
functionalities [3-5], also taking advantage of the great flexi-
bility of organic chemistry in tuning the molecular electronic
and optical properties [6—8]. A broad variety of molecular
assemblies can form upon adsorption of organic molecules on
metal, semiconductor, and insulating surfaces: a controlled
growth process may lead to self-organized overstructures,
with different geometries depending on the experimental
conditions during growth. In this landscape, nucleobases have
attracted much attention in view of their fundamental role
in molecular biology and their simplicity with respect to
larger biomolecules (peptides or even some amino acids) [9].
Indeed, organic/inorganic interfaces realized by chemisorption
or physisorption of nucleobases such as uracil and thymine
have been the subject of several experimental and theoretical
studies [10-14].

We here focus on the case of Si(001), the technolog-
ically most important Si surface. For this system, mono-
layer/submonolayer adsorption of uracil molecules has been
investigated by ab initio calculations within density functional
theory (DFT) within the generalized gradient approximation
(GGA) [15,16]. In agreement with the experimental results of
Lopez et al. [17], DFT results have shown that uracil molecules
absorb vertically, with Si-O and Si-H bonds, indicating that
hydrogen atoms are cleaved from the molecule, and move to
saturate dangling bonds of Si surface atoms.

Some of us have recently extended ab initio DFT electronic
structure calculations of Ref. [16] for uracil to the case of
thymine and 5-fluorouracil, considering adsorption on the
Si(001) surface in the same “dimer bridge” configuration
[18], and including additional degrees of freedom, namely
the possibility of a tilt of the molecular ring with respect to the
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vertical orientation. As a result, moderately tilted geometries
have been shown to be favored at both the local density
approximation (LDA) and GGA levels of theory. Interestingly,
atilted geometry for thymine on Cu(110) has also been inferred
in previous works both from infrared spectra [10] and from
x-ray spectra [11], with a tilt angle of about 20° emerging
from the latter work.

In this paper we present a detailed study of the optical
properties of Si(001):X systems, with X=thymine (THY),
uracil (URA), and 5-fluorouracil (5-FU), adsorbed in the
“dimer bridge” configuration at a half-monolayer coverage.
We analyze the effects that chemical substitutions and off-
vertical molecular tilting have on the optical and reflectance
anisotropy spectra (RAS), identifying a characteristic line
shape of RAS spectra in the near UV. This turns out to be very
similar in all the considered cases with moderate differences in
peak positions that can be rationalized in terms of the adsorbate
orbitals.

The paper is organized as follows: first we discuss the
computational methods used (Sec. II A), and the choice of
adsorption configurations (Sec. II B). In Sec. III we present our
results for the electronic structure, the RAS, and the general
features of computed optical spectra. The link between optical
absorbance and RAS, the origin of the observed features, and
their dependence on the adsorbed nucleobase are discussed
in Secs. IV A, IV B, and IV C, respectively. Conclusions are
drawn in Sec. V.

II. THEORETICAL AND COMPUTATIONAL METHODS

A. Computational details

All the present calculations are performed within DFT
[19,20] using the exchange-correlation functional in the form
by Perdew, Burke, and Ernzerhof (GGA-PBE) [21,22]. To
describe the ion-electron interaction we used norm-conserving
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pseudopotentials of the Trouiller-Martins type generated via
the FHI98PP [23] code. We modeled 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 ~1.8 nm equivalent in thickness to
12 Si layers, and an in-plane surface periodicity allowing for
a (4 x 2) reconstruction of the top layer, where molecules
are adsorbed. The Si bottom layer was saturated by hydrogen
atoms. For ground-state calculations we sampled the surface
Brillouin zone (SBZ) of the (4 x 2) unit cell with a (6 x 12)
shifted Monkhorst-Pack mesh [24]. The kinetic energy cutoff
for the plane wave expansion was set to 20 Ha.

We compute optical properties within the independent-
particle random-phase approximation (IP-RPA) [25], i.e., by
computing the macroscopic dielectric function of the supercell
as a sum of individual valence (v) to conduction (¢) transitions
between Kohn-Sham eigenstates:
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Here v is the velocity operator and j = x,y,z.

Following the approach of Ref. [26], many-body effects
such as excitons, local fields, and self-energy corrections
are neglected, relying on their partial reciprocal cancellation
[27-29]. We choose to refrain from the explicit introduction of
the often used rigid shift (“scissor operator”) to our DFT-GGA
theoretical spectra, keeping our discussion as unbiased as
possible. We remark that relative energies and the dependence
of the results on the adsorbed species are not influenced by
such correction. A small underestimation of the experimental
excitation energies, of the order of 0.5 eV, should be taken
into account when comparing the absolute position of our
theoretical spectra with experimental ones.

The RAS spectrum is obtained as [30,31]
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where Ag = e,y — &y, &puik 1s the dielectric function of bulk
Si, L the length of the simulation cell in the z direction, along
the surface normal, and c the velocity of light. 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 of the (4 x 2) unit
cell on a (8 x 16) shifted Monkhorst-Pack mesh [24].

To help the interpretation of the RAS spectra of the system,
we also compute the absorbance of the slab model (including
adsorbates) for light at normal incidence [32-34]:
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Here j = x, y labels the light polarization. We remark that A ;
is independent of the thickness of the vacuum region.

For ground-state and Kohn-Sham band structure results we
rely on the Quantum ESPRESSO suite [35], while in all the
optical property calculations we use the Yambo code [36].
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FIG. 1. Adsorption configuration for the investigated nucleobases
on Si(001). The case of thymine is depicted: (a) side view, with
standard atom labeling for the molecule; (b) perspective view. Besides
Si atoms (dark gray), carbon, nitrogen, and oxygen atoms are depicted
in yellow, blue, and red, respectively. Smaller cyan spheres represent
hydrogen atoms. We choose as x axis the direction of the Si dimers
of the clean ¢(4 x 2) surface, so that adsorbed molecules are stacked
along the y direction.

B. Structural details

We consider the adsorption of thymine, uracil, and 5-
fluorouracil, on Si(001) in the “dimer bridge” configuration
[15,16,18], which was previously shown [15] to be among
the energetically favored ones for uracil adsorption on Si(001)
when moderate annealing temperatures are considered. This
configuration has been thoroughly investigated in the literature
from the structural point of view, and we briefly recall it here
selecting thymine as an example [see Fig. 1(a)]. The two
oxygen atoms of the pyrimidinic nucleobase are bound to two
surface silicon atoms from Si dimers of adjacent rows. The
nitrogen atom at position 3 loses its H which adsorbs on one
of the remaining “free” Si surface atoms, saturating a dangling
bond. Molecules hence form rows along the y direction, i.e.,
perpendicularly to the Si dimer axis (x) as shown in Fig. 1(b).
We focus on the case of one molecule per each Si dimer along
y and one molecule every other Si dimer in x direction, which
defines a half-monolayer coverage. Facing molecules within a
row are rotated by 180° with respect to each other, resulting in
a (4 x 2) surface reconstruction. Assuming the equivalence of
the interactions of each molecule with its two nearest neighbors
along the row yields a glide plane symmetry, which induces
a twofold band degeneracy along the K — J' direction of the
surface Brillouin zone [16,18]. Besides considering molecules
adsorbed with the aromatic ring perpendicular to the Si surface,
we also include the case of Si(001):THY with a tilt angle of 20°
from the surface normal, since we previously found [18] that
moderately tilted geometries are energetically favored with
respect to the vertical one, both at the LDA and GGA levels of
theory. A similar value of the tilt angle has been measured for
THY adsorbed on Cu(110) [11].

III. RESULTS

A. Electronic structure

In Fig. 2 we show typical electronic band structure results,
with the example of Si(001):THY. Band states (empty/filled
states at positive/negative energy values) are color-highlighted
according to their projection onto the o and m molecular
orbitals of gas phase THY, using the procedure adopted in
Ref. [37]. The right panel shows the projected density of states.

075437-2



OPTICAL PROPERTIES OF ORGANICALLY ...

F

E-E_(eV)

“0246810
DOS(states/eV)

FIG. 2. Band structure of the Si(001):THY system with vertically
adsorbed molecules. Bands are colored according to their projection
onto the molecular orbitals of gas phase THY, using magenta and
green for 7 and o states, respectively. Right panel: The Si(001):THY
density of states projected on the molecule, separating molecular
states with 7 and o symmetry.

The lowest unoccupied bands clearly appear as deriving from
the THY LUMO and remain within the gap of the surface
projected bands along the whole SBZ (the conduction band
minimum being at about 0.43 eV at I') [18]. Their slight
dispersion in the I'-J’ direction testifies to a nonvanishing
intermolecular interaction within a molecular row. A similar
dispersion is shown by the pair of bands originating from
THY LUMO + 1 orbitals, which however overlap with Si
conduction bands near I" and along the I'-J direction. In the
occupied manifold, the highest occupied state of the full system
(also in the gap of the surface projected bulk bands at various
parts of the SBZ) has negligible contributions from molecular
states, and is reminiscent of the clean Si(001) surface, being
mainly localized on the dangling bonds of the unsaturated
Si dimers [18]. In order to find THY-HOMO related bands
one needs to descend about 3.7 eV below the valence band
maximum (VBM). Such bands remain quite distinguishable,
although clearly overlapping with the substrate ones. Both the
THY-LUMO and THY-HOMO states have a clear 7 character,
whereas occupied (empty) molecular o states are found at
lower (higher) energies, as shown in Fig. 2.

B. Reflectance anisotropy spectra

Figure 3 shows the reflectance anisotropy spectra computed
for the Si(001):X systems. All spectra for the adsorbed systems
correspond to “dimer bridge” molecular configurations, as
described in Sec. II B, and are plotted for the case of vertical
molecular rings. In order to analyze the effects of molecular
tilting we also show the spectrum of the Si(001):THY system
with the thymine molecular rings set at about 20° with respect
to the vertical orientation. We also computed the RAS of clean
Si(001)-c(4 x 2) for comparison (gray circles in Fig. 3). The
latter displays two characteristic negative peaks, at ~1.3 eV
and at ~3 eV, in agreement with previous calculations in the
literature [38—40] and with experimental RAS measured on
clean Si(001) surfaces [41], taking into account that an energy
position matching the experimental one would be obtained by
applying a shift of about 0.5 eV in the calculations, as done in
Refs. [38—40].
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FIG. 3. RAS spectra of the vertically adsorbed Si(001):THY
(black solid line), Si(001):URA (green long-dashed line), and
Si(001):5-FU (blue dots) systems. The clean Si(001)-c(4 x 2) surface
case is also included for comparison (gray circles). The red short-
dashed line shows the RAS spectrum for Si(001):THY tilted by 20°,
illustrating the effect of molecular tilting as compared with the vertical
case (black solid line).

These two peaks are known to be due to surface bands,
and are strongly quenched in all our nucleobase-functionalized
surfaces. The RAS spectra of all considered Si(001):X systems
are indeed close to zero up to ~3 eV, in agreement with
results for Si(001):URA by Seino et al. [26]. Between 3 and
4.5 eV the Si(001):X RAS displays instead a characteristic
line shape with the two negative spectral structures labeled (i)
and (ii) in Fig. 3. These are remarkably independent of the
molecular species adsorbed, as well as of the molecular tilt.
Moving at energies above 4.5 eV, all the considered systems
[i.e., Si(001):THY, Si(001):URA, Si(001):5-FU, and 20° tilted
Si(001):THY] display two more negative RAS peaks: peak
(iii) at about 5 eV, and peak (iv) lying in the 5.5-6.0 eV
range. While the RAS spectra for the four systems are hardly
distinguishable from one another in the region below 4.5 eV,
some sensitivity to molecular species and geometries appears
in the strength and position of these higher energy structures.
In particular, differences between THY, URA, and 5-FU can
be observed mainly above 5 eV, especially concerning the
energetic position of the peak (iv) that changes by —0.08 eV
for URA and by +0.08 eV for 5-FU, with respect to THY.
Molecular tilting results essentially in a slight reduction in
anisotropy (red short-dashed line in Fig. 3). The observed
changes in the RAS spectra (= 1073) are relatively small but
an order of magnitude larger than experimental capabilities
[42].

C. Optical absorbance spectra

The observed changes in RAS spectra of the Si(001)
surface upon nucleobase adsorption shall be understood in
terms of changes in the optical absorbance spectra for light
polarized along x and y; see Eq. (3). To this aim, in Fig. 4 we
compare the computed slab optical absorbances A ;(w) of the
clean Si(001) surface with those of (vertical) Si(001):THY,
which is taken hereafter as representative of the Si(001):X
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FIG. 4. Optical absorbance A(w) for light polarization along the
x (a) and y (b) directions, and their difference AA(w) = A (w) —
Ay(w) (c), for vertically adsorbed Si(001):THY (black solid line)
compared with that of clean Si(001)-c(4 x 2) (gray circles). A and
AA are also reported for a model “H-functionalized” Si(001) surface
without adsorbed nucleobases (short-dashed blue line, discussed in
Sec. IV B).

systems given their similar RAS (Fig. 3). Consistently with
the well-established RAS line shape of clean Si(001)-c(4 x 2)
(gray dots in Fig. 3), the absorbance of the reconstructed clean
Si(001) slab shows a characteristic peak at ~1.3 eV and a
shoulder feature at about 3 eV, only present for light polarized
along the dimer rows [see A, in panel (b)]. Correspondingly,
the absorption anisotropy AA = A, — A,, which is reported
in panel (c), clearly shows the two minima that correspond
to the low-energy negative RAS spectrum of clean Si(001)
(Fig. 3). Such features disappear in Si(001): THY, which shows
an almost flat AA up to about 3 eV. On the other hand,
Si(001):THY shows a significantly larger absorption for light
polarized in the direction of the molecule rows (A, > A,) in
the region between 3.5 and 4 eV, whereas A,~A, for clean
Si(001) in the same energy range; this anisotropy corresponds
to peak (i) in the RAS spectrum of Fig. 3. At higher energies
three further peaks of A A, having no correspondence in the
clean Si(001) case, are present in the case of Si(001):THY.
The energy position of such peaks is roughly corresponding
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to that of peaks (ii), (iii), and (iv) in the RAS spectra, but,
remarkably, with opposite sign. Consistently with the RAS
presented above, the computed absorbance spectra of all the
investigated systems are very similar to each other, sharing the
main trends observed for vertical Si(001):THY (Fig. 4). We
refer to the Supplemental Material for more details [43].

IV. DISCUSSION

A. Connection between RAS and absorbance spectra

In order to understand the apparently puzzling sign of
peaks (iii) and (iv), we point out the nontrivial connection
between RAS and absorbance anisotropies, in terms of peak
positions and even sign. This is evident when comparing the
RAS spectrum of Si(001):THY (black line in Fig 3) with the
absorption anisotropy AA of the same system (black line in
Fig. 4). The former is in fact characterized by four negative
peaks, while the latter shows one negative peak, (i), and
three positive ones, (ii)—(iv), although the energy positions are
roughly corresponding. This is readily explained by noticing
that while only the imaginary part of the dielectric tensor is
needed for the absorbance as seen in Eq. (3), the RAS spectra
computed by Eq. (2) also depend on the real part of ¢. Indeed,
one can rewrite AR/R as [30]
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where Ay = (8|/3qu = /[0 = Eéulk)z + (Eﬁulk)z], Bk =
o/ (1 — &l 1) + (el)*], and & and ¢ are for the real
and imaginary parts, respectively. The RAS signal is hence
affected by the frequency-dependent bulk dielectric function
epuik (common to all cases considered here), through the
functions Apyx(@) and By (@), whose frequency dependence
is shown in panel (b) of Fig. 5. Indeed, Apyx changes sign
at iw ~ 3.83 eV, while By is vanishingly small at low
frequencies. Hence, RAS spectra contain contributions from
both the first and the second term on the right-hand side
of Eq. (4). Such contributions are singled out in Fig. 5(a)
for Si(001):THY. There one can see that the contribution by
Im(A¢) dominates at energies around 3.5 eV, corresponding
to the anisotropy in the absorbance (A, > A, in Fig. 4), and
is the main cause of RAS peak (i). Its precise energy position
is slightly blueshifted because of growing participation by the
Re(Aeg) term. Peak (ii), conversely, is mostly due to Re(A¢)
with the Im(A¢) term suppressed by a small value of Apyk. In
this peak, as well as in the subsequent (iii) and (iv), the positive
absorption anisotropy of Fig. 4 contributes to a negative RAS
because of the sign of Ayyx. Overall, this analysis recalls that a
direct interpretation of the RAS spectrum cannot be achieved
by looking at the (polarized) absorbance only, since the full
dielectric response of the substrate is even able to change the
sign of the RAS peaks.

B. Origin of the molecule-induced spectral features

We now address the origin of the variations in the RAS and
absorption spectra of Si(001) when uracil-like nucleobases
are adsorbed. As shown by band structure results (Fig. 2),
one notices that the energy difference between the molecular
HOMO- and LUMO-related states of the Si(001):X system
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FIG. 5. (a) RAS spectrum of the Si(001):THY system in vertical
geometry (black solid line), showing contributions from Im(A¢) and
Re(A¢g) as a long-dashed red line and a short-dashed green one,
respectively. (b) The functions Apyk(w) and By, (w); see Eq. (4).

amounts to about 3.5-4 eV, similar to the HOMO-LUMO gap
of about 3.8 eV we computed for gas phase thymine. This is
the same energy window as the one where A, > A, eventually
producing peak (i) in panel (c) of Fig. 4. This may suggest
attributing the origin of the latter to THY HOMO-LUMO
transitions contributing to the optical absorption at this energy.
However, dipole excitations by light polarized perpendicularly
to the molecular plane (i.e., along the y direction) are forbidden
by symmetry, since both molecular states have 7w character
(see Fig. 2). As a further check we also computed the optical
absorbance spectrum of a row of THY molecules. Practically,
we keep the molecules in the same geometry they attain upon
deposition on Si(001), but the latter being removed and the
resulting dangling bonds suitably saturated (we make use of
fictitious “half-H” atoms as numerical devices, as specified in
Sec. S.B. of the Supplemental Material [43]). A negligible y
component of absorption with respect to the x one is found
in the whole analyzed energy range (0-7 eV); in particular
in the energy region of peak (i) only A, is detectable, at
variance with the results on the full Si(001):THY system
where A, is strongly enhanced. This rules out a purely
molecular explanation of the observed features. The same
considerations hold for the absorption spectra of rows of uracil
or 5-fluorouracil molecules [43].

The actual molecular contributions to the optical anisotropy
can be highlighted by analyzing the spatial localization of
the occupied and empty states involved in dipole-allowed
transitions. In particular, we generalize Eq. (1) by weighting
the valence and conduction states according to their local-
ization Wi = 3o 1(@1¥u) > and W = 3", (B1¥e) %,
respectively, with @ indicating either the set of Si (substrate)
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FIG. 6. Optical absorbance anisotropy, AA(w)= A(w)—
Ay(w), for the Si(001):THY system with vertically adsorbed
molecules (thick black line with dots). Thinner lines show the
decomposition of A A(w) in terms of contributions due to transitions
from valence to conduction states mostly localized on the substrate
or on the THY molecule, as determined by Eq. (5).

or nucleobase (molecule) atoms and ¢ an atomic orbital
belonging to one of these two parts [46]:
, 167 /
Ime§® (w) = — > waws
v,c,k

X | (WYok| V) [Yea) P8 (eck — €k — ). (5)

We can hence disentangle four different contributions in
the RAS spectra, according to the possible choices of @ and
@’. Such contributions are shown in Fig. 6, where peaks (i)
and (ii) below 4.5 eV clearly appear as being essentially due
to states localized on the surface of the Si substrate (blue
curve), even though they fall at the same energy of molecular
HOMO-LUMO excitations. This is consistent with the already
discussed independence of peaks (i) and (ii) on the adsorbed
molecular species. Hence, the change in optical anisotropy up
to 4.5 eV shown in Fig. 3 can be ascribed to indirect effects
that adsorption has on the substrate itself. Instead, a significant
contribution from transitions among truly molecular states
(magenta curve) appears in the 4.5-6 eV range; see peaks (iii)
and (iv). Consistently, the latter energy range is the one where
RAS spectra show the largest sensitivity to the molecule type
and geometry (Fig. 3). However, a non-negligible substrate
contribution is also present in this energy window, due to
the hybridization of molecular states with the Si substrate
ones.

The indirect effects of molecular adsorption on the optical
response can be further analyzed by recognizing two possible
mechanisms: on the one hand, the geometry of the clean
Si(001) dimers is altered upon adsorption of URA-like
nucleobases in the “dimer bridge” configuration, with a slight
elongation of Si dimers and a substantial reduction of their
buckling, as already reported in our previous work [18].
On the other hand, surface dangling bonds are saturated
by the adsorbed molecules (functionalization). To single out
these contributions independently of the adsorbed species, we
develop a model for a functionalized Si(001) surface that
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is intermediate between the clean Si(001) and Si(001):THY
cases. Namely, the model is obtained by removing the THY
molecule, and placing “half-H” atoms in place of THY
oxygens, in order to simulate the bare bond-saturation effect
(we refer to the Supplemental Material for further details
[43]). Si atoms are frozen in the geometry of the Si(001): THY
system, and hydrogen atoms cleaved from THY are left at
their positions on alternating Si surface dimers. Figure 4
shows A and A A of this H-functionalized model (dashed blue
line), to be compared with those of the clean Si(001) surface
(gray dots) and those of Si(001):THY (black line). One can
notice the disappearance of the absorption anisotropy features
characteristic of the clean Si(001) surface below 3.5 eV
[Fig. 4(c)]. The prevalent absorption of Si(001):THY along
the y direction in the 3.5-4 eV range is also well reproduced
by the H-functionalized model, although at a slightly higher
energy. This again demonstrates that substrate modifications
induced by molecular adsorption, giving rise to the flattening
of the RAS spectrum and to the appearance of peaks (i) and (ii)
in Fig. 3, are completely independent of the adsorbed species,
consistently with the observations made above.

Further analysis with an additional model where the clean
surface is deformed to the same coordinates as in Si(001):THY,
but with no adsorbed molecule nor hydrogen, shows that
the flattening of the RAS at low energies is already almost
complete with structural modifications only, whereas bond
saturation is necessary in order to attain the anisotropy
producing a prominent peak (i) [43]. On the contrary, the higher
energy molecular contributions giving rise to the positive AA
anisotropy [peaks (iii) and (iv)] observed for the Si(001):THY
system (Fig. 6) are not reproduced by any of these intermediate
models, consistently with the substantial molecular character
of the involved transitions.

C. Chemical sensitivity of RAS spectra

In order to understand the chemical sensitivity appearing in
the near-UV spectral range [in particular the energy variations
of RAS peak (iv) in Fig. 3] we consider again the case of
unsupported rows of molecules, i.e., in the absence of the
substrate and saturated by the “half-H” atoms [43], and we
analyze the orbital contributions to the optical response. To
facilitate comparison to the adsorbed case, we evaluate the
absorption anisotropy through Eq. (3) and report the resulting
AA spectrain Fig. 7 for THY, URA, and 5-FU. (These spectra
are actually dominated by A, with A, ~ 0; see Fig. S3 of
the Supplemental Material [43].) Two main structures are
identified and marked in the figure by vertical lines, presenting
a distinctive and opposite dependence in going from URA
to THY to 5-FU. However, the contribution by the lower
energy feature (=4 eV) to the RAS of the corresponding Si:X
systems is suppressed by a small value of Ay in Eq. (4) and
overwhelmed by substrate terms, whereas that at about 5.5 eV
can be clearly associated with peak (iv) in the RAS, displaying
the same nucleobase dependence, with shifts with respect to
THY of —0.12 eV for URA and +0.11 eV for 5-FU.

The observed chemical dependence of AA for the molec-
ular rows can be fully rationalized in terms of the molecular
orbitals involved in the corresponding transitions, and helps
understanding the sensitivity of the RAS on the specific
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FIG. 7. Center panel: Optical absorbance anisotropy, AA(w) =
A(w) — Ay(w), for freestanding molecular rows (see text): THY
(black solid line), URA (green long-dashed line), and 5-FU (blue
dots). Vertical lines mark the energy positions of the two main peaks
of each system, clearly displaying an opposite trend in going from
URA to THY to 5-FU, consistently with the energy position of frontier
orbitals (see text). Surrounding panels show molecular orbitals of gas
phase thymine.

nucleobase. We remark that the three molecules have similar
frontier molecular orbitals, whose relative energy is affected
by chemical functionalization and especially by adsorption
as well as by band dispersion in the molecular rows (see
the evolution of 7 and o character of the states along the
SBZ in Fig. S3 of the Supplemental Material [43]). To avoid
ambiguities, we choose as a reference for the subsequent
analysis the case of gas phase THY, whose orbitals are reported
in Fig. 7: we then add the © superscript to denote the
states having the same symmetry as those depicted therein. A
detailed analysis of the molecular orbitals for the rows shows
that the feature at lower energy is mostly due to transitions
between HOMO® and LUMO'® states. The most prominent
feature, at about 5.5 €V, is instead due to transitions between
HOMO — 3® and LUMO +2® states. Other features at
intermediate energies involve transitions between states with
the same symmetry as the HOMO — 3® — LUMO® and
HOMO® — LUMO + 2®, whereas states with o symmetry
are practically invisible. Returning to the nucleobase depen-
dence of the two main features in Fig. 7, the HOMO® —
LUMO® energy (=4 eV) lowers from URA to THY to
5-FU, consistently with the experimental findings for the
HOMO — LUMO transition of these molecules in solution
[47]. There, this difference was ascribed to a destabilizing
effect induced by the functional group on the HOMO state,
where increasingly strong antibonding contributions are found
for THY and 5-FU with respect to URA, hence the lower
excitation energy; conversely, the LUMO state is less affected
by changes in the functional group bound at position 5, due to
the lower wave function amplitude on that part of the molecule
(see Fig. 7). The same explanation holds for the opposite trend
of the higher energy feature, and hence the (iv) peak in the
RAS: there, the LUMO + 2(® states are destabilized in passing
from URA to THY to 5-FU, whereas the HOMO — 3® states
are unaffected having largest amplitude at the opposite part of
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the molecules. On the basis of this analysis such shifts are not
expected for HOMO — 3® — LUMO® (both unaltered) and
HOMO® — LUMO + 2®© (both destabilized) transitions,
nor are they observed in the A A values reported in Fig. 7.

V. CONCLUSIONS

We calculated the optical properties, including reflectance
anisotropy spectra (RAS), for the Si(001) surface covered with
thymine, uracil, and 5-fluorouracil molecules in the “dimer
bridge” configuration, also taking into account a possible
tilting of the adsorbed molecules with respect to the surface
normal.

We determine clearly distinguishable effects occurring
upon molecular adsorption, and how they influence absorbance
and reflectance anisotropy spectra. On one side, the strong
attenuation and flattening of the typical absorption anisotropy
and RAS features of the clean surface in the low-energy part
of the spectra (up to 3 eV), mostly due to a deformation of
Si dimer geometry, is accompanied by the appearance of a
characteristic negative peak in absorption anisotropy in the
3.5-4 eV range (resulting in negative features in the RAS),
that we may describe as a “Si bond saturation effect”. The
latter is mostly due to a change in the chemistry (coordination)
of the surface Si atoms. Both these effects are independent
of molecule type (thymine, uracil, 5-fluorouracil) and tilting,
resulting in almost indistinguishable RAS spectra for the
different investigated adsorbed nucleobases up to ~4 eV.

Molecular transitions, although possibly starting in the
same energy range, are shown to contribute only above 4 eV
(near UV region). There, the spectra consequently show a

PHYSICAL REVIEW B 95, 075437 (2017)

moderate dependence on the specific adsorbed molecule,
through the influence of chemical substitutions on orbital
energies, and on its tilt angle. The above picture is confirmed
by a decomposition of electronic transitions, based on the
spatial localization of the corresponding electronic states and
by explicitly evaluating the effects of structural and bonding
properties of Si surface atoms through suitable models where
the adsorbed molecules or the substrate are eliminated and
replaced by an artificial saturation of dangling bonds.

The combination of RAS spectroscopy measurements with
ab initio calculations represents a suitable and effective tool
to characterize these and similar organically functionalized
silicon surfaces, by allowing one to detect specific spectral
features related either to the type of molecule-surface bonding
(e.g., the “dimer bridge” configuration), or to the chemical and
structural details of the absorbed molecules.
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S.A. Absorbance for all investigated Si(001):X systems

The slab optical absorbance for all investigated Si(001):X systems, with X=thymine
(THY), uracil (URA), and 5-fluorouracil (5-FU), adsorbed in the “dimer bridge” config-
uration at a half-monolayer coverage, is reported in Fig. and compared to the one of
clean Si(001). The main features discussed in the text for the Si(001):THY system are also

observed for the other cases.

S.B. “Half-H” pseudopotential

To estimate the contribution to the absorption spectrum of the system as purely given
by adsorbed THY, as well as to determine the various effects induced by the molecules on
the Si(001) surface, we have simulated additional models consisting of (i) a row of molecules
in the same vertical geometry as they attain on Si(001) and (ii) the Si surface in the same
geometry as resulting with the molecules. In both cases, the cleaved Si-THY bonds induce
additional effects that we would like to filter out by properly saturating the dangling bonds
that would be artificially introduced. A typical procedure in studying separately two sub-
parts A B of the system A-B connected by a single chemical bond is to replace the part of
the system being removed by an H atom, i.e., to study A-H and B-H systems.

As for the molecules, the N atom at position 3 is dehydrogenated upon adsorption, leaving
the molecule with a single dangling bond; however, the molecules do not bind to Si(001)
through this N atom. Rather, for the adsorbed molecules, such a missing H atom leaves a
radical that is saturated resonantly by two Si atoms each facing a molecular oxygen (see
Fig. 1(b) in the main text); consequently, saturating a given O atom by H would introduce
an asymmetry that is not present in adsorbed molecules. Instead, we model the electronic
structure of the unsupported molecular rows by bonding a “half-H” atom to each of the
two O atoms, as depicted in Fig. [S2|(a). In analogy with previous works**®, these “half-H”
atoms are numerical devices to only partially saturate dangling bonds. Practically, they are
constructed from the standard H pseudopotential by multiplying by % the local and non-local
terms, as well as the number of valence electrons keeping the system neutral. Namely, not
only the charge brought by each “half-H” (and self-consistently redistributed) is fractional,

but also the modification of the electronic hamiltonians adjusted so as to account for a single



H atom in total. This procedure is validated a posteriori by checking that the band structure
of this model system (see Section closely matches the molecular contributions from the
full Si(001):THY one (reported in Fig. 2 in the main text), allowing us to use it for pointing
out the molecular spectral features.

From the substrate point of view, the two O-Si bonds can be saturated by two “half-H”
atoms, in addition to the standard H atom dissociated from the molecule. The corre-
sponding structural model is shown in Fig. (b) and the resulting spectra are discussed in
Section [S.DI

S.C. Band structure and absorbance of molecular rows

The band structure and absorbance of rows of THY, URA, and 5-FU molecules are
depicted in Fig. . The absorption of light polarized along the stacking direction (y) is
strongly suppressed, in accordance with the 7 symmetry of the HOMO and LUMO states,
and spectra are dominated by transitions for photon polarization along the x direction. We
remark the similarity between the band structure of THY rows and of the molecule-induced
states in Si(001):THY (see Fig. 2 in the main text). Notice that the energy scale has been
aligned so as to match the LUMO energy at K with the one of the corresponding Si(001):X
system. The overall appearance of HOMO and LUMO features is common to all cases,
with differences in the band dispersion of such states due to their different spatial extent
and hybridization with those of nearby molecules. A discussion of the dependence of these
results on the nucleobase and its relation to the RAS spectra is presented in Sec. IV.C of

the main text.

S.D. Intermediate models for the Si(001) surface

In addition to the clean ¢(4 x 2) and the H-functionalized model presented in the main
text, we here report the results for a model Si(001) surface with coordinates as in the presence
of the thymine molecules, but with no functionalization (see Fig. [S2| but without the H and
“half-H” atoms). The resulting absorbance anisotropy is shown in Fig. (long-dashed red
line, “deformed Si(001)” model), where one can appreciate that the flattening of the RAS

at low energies is already almost complete with structural modifications only, whereas bond



saturation is necessary in order to attain the anisotropy producing a prominent peak (i).
On the contrary, the higher energy molecular contributions giving rise to the positive AA
anisotropy (peaks (iii) and (iv)) observed for the Si(001):THY system are only reproduced

in the presence of the molecules.
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FIG. S1. Slab optical absorbance A(w) for light polarization along the x (black solid line) and y
(red dashed line) directions, for the following systems: (a) clean Si(001)-c¢(4 x 2); (b) vertically
adsorbed Si(001):THY; (c) Si(001):URA; (d) Si(001):5-FU; (e) Si(001):THY tilted by 20°.
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FIG. S2. Ball and stick representation of the models used to simulate the molecular and Si sub-
systems. Namely, panel (a) shows the unit cell of a THY row and panel (b) the “H-functionalized
Si(001)” model. In both cases the atomic coordinates are the same as in the Si(001):THY-(4 x 2)
systems. Dangling bonds are saturated by the binding/adsorption of hydrogen atoms: standard
H atoms on Si(001) at the sites where dissociated thymine hydrogens would be adsorbed in the
full Si(001):THY system; “half-H” atoms saturating the missing Si-O bonds, as indicated by the
arrows. Si atoms are depicted in dark gray, H and “half-H” ones as smaller cyan spheres. Carbon,

nitrogen, and oxygen atoms are depicted in yellow, blue, and red, respectively.
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FIG. S3. Free-standing URA-like nucleobase rows [(a) thymine rows, (b) uracil rows, (c) 5-
fluorouracil rows], frozen in the geometry they assume in the vertically adsorbed Si(001):X system.
Left panels: geometric models and optical absorbance A(w) for light polarization along the z (black
solid line) and y (red dashed line) directions; atom color codes as in Fig.|S2{a), with fluorine atoms

depicted in green. Right panels: band structure: the size of magenta (green) half circles below

(above) the lines is proportional to the , i.e. py (0, i.e. s+ p; + p.) character of the states.
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FIG. S4. Optical absorbance anisotropy AA(w) = A;(w) — Ay(w), for vertically adsorbed
Si(001):THY (black solid line), clean Si(001)-c(4 x 2) (gray circles), deformed (long-dashed red line)

and “H-functionalized” (short-dashed blue line) Si(001) surface without adsorbed nucleobases.



