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The electronic properties of the uracil-covered Si(001) surface have been studied by density-functional
calculations. Dative-bonded configurations are characterized by a high density of surface states in the energy
region of the fundamental gap, whereas the surface is perfectly passivated when covalent bonds form between
the molecule and the substrate. A remarkable influence of the adsorption configuration on the ionization energy
is predicted. The results show that semiconductor surface electronic properties can be tuned within a very wide
range by organic functionalization even with only one molecular species.
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In recent years, much knowledge about the atomic struc-
ture of semiconductor surfaces covered with small organic
molecules has been accumulated.1–5 The interesting elec-
tronic properties of such systems, however, we are only be-
ginning to understand(see, e.g., Refs. 6–9). In the case of
metal-covered semiconductor surfaces many electronic prop-
erties, for example the ionization energy, depend mainly on
the coverage.10–12Molecular adsorption, however, can be ex-
pected to lead to an additional dependence on the character
of the interface chemical bonding.13

The adsorption of uracil on Si(001), investigated experi-
mentally by scanning tunneling microscopy(STM) and high-
resolution electron energy-loss spectroscopy(HREELS),14

leads to what can be considered a prototypical interface be-
tween a polyfunctional molecule and a semiconductor sur-
face. The(001) surface of silicon is the starting point for the
fabrication of most microelectronic devices. Uracil
sC4H4N2O2d is a small molecule featuring one CvC double
bond, two NuH and two carbonyl groups, and may thus
bond to the surface in various ways. In addition, its tautom-
erism and electrostatic effects have been found to be impor-
tant for the interface formation.14,15 Recently, the modifica-
tion of the Si(001) surface optical properties upon uracil
adsorption has been investigated computationally.16

Here we show by means of first-principles calculations
that different uracil adsorption configurations corresponding
to different preparation conditions lead to drastically differ-
ent surface electronic properties. The electronic-structure
calculations are performed using the Viennaab initio simu-
lation package (VASP) implementation17 of the
gradient-corrected18 density functional theory(DFT-GGA).
The electron-ion interaction is described by non-
normconserving ultrasoft pseudopotentials,19,20 allowing for
the accurate quantum-mechanical treatment of first-row ele-
ments with a relatively small basis set of plane waves. We
expand the electronic wave functions into plane waves up to
an energy cutoff of 25 Ry, which has been demonstrated to
be sufficient in our previous studies on pyrrole adsorption on
Si(001) (Ref. 13) and DNA base molecules.21

The Si(001) surface is modeled with a periodically re-
peated slab. The supercell consists of 8 atomic Si layers plus
adsorbed molecules and a vacuum region equivalent in thick-

ness to 12 atomic layers. The topmost five layers of the slab
as well as the adsorbed molecules are allowed to relax. The
Si bottom layer is hydrogen saturated. All calculations are
performed using the calculated Si equilibrium lattice con-
stant of 5.456 Å. The Brillouin zone integrations are per-
formed using sets corresponding to 64k points in the full
s131d surface Brillouin zone.

From our previous total-energy calculations15 in conjunc-
tion with experimental work14 it was concluded that uracil
adsorption on Si(001) is governed by the carbonyl groups
and is likely to result in the dimer bridging configurations
shown in Fig. 1. Starting from a dative-bonded configuration,
where uracil is attached to the electron-poor “down” Si
dimer atom via one carbonyl group, a relative low energy
barrier of about 0.3 eV needs to be overcome for hydrogen
dissociation, molecular rotation around the surface normal
and tilting towards the neighboring Si dimer.15 This leads to
the configurations where uracil is partially dative, i.e., with
one covalent and one dative bond(D-1 in Fig. 1), or com-
pletely covalently(C-1) bonded to the Si surface, bridging
two Si dimer rows. The latter structure requires in addition a
dienol to keto-enol transition of the gas-phase uracil or dur-
ing the tilting process, because the direct pathway from D-1
to C-1 via diffusion of hydrogen is hindered by a relative

FIG. 1. (Color online) Uracil/Si(001) adsorption configurations.
Gray, purple, blue, red, and yellow symbols indicate C, N, Si, O,
and H atoms, respectively.
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high energy barrier of more than one eV. A similar barrier
larger than one eV needs to be overcome for oxygen inser-
tion into Si dimers, leading to the very favorable interface
configurations D-2 and C-2.15 The formation of these struc-
tures therefore requires annealing at elevated temperatures.
The calculated adsorption energies of the models D-1, C-1,
D-2, and C-2 amount to 2.77, 3.66, 3.78, and 5.27 eV, re-
spectively. The dative bond in the structures D-1 and D-2
occurs between the electron-rich uracil carbonyl group and
the electron-poor atom of the clean Si dimer. It is about
0.1 Å longer than the corresponding covalent SiuO bond.15

The surface band structures calculated for the structural
models discussed above can be clear-cut classified. Models
C-1 and C-2, where exclusively covalent bonds occur, lead to
a perfect surface passivation, as shown for the latter case in
Fig. 2. The Si-dimer relatedDup andDdown bands character-
istic for the clean Si(001) surface22 disappear, due to the
formation of SiuO and SiuC s bonds, which lie energeti-
cally below the bulk Si valence band edge. The correspond-
ing antibondings* combinations occur above the Si conduc-
tion band edge. No molecular electronic states exist in the
energy region of the Si fundamental gap. The highest occu-
pied and lowest unoccupied molecule statesVM andCM, re-
spectively, occur below and above the bulk valence and con-
duction band edges(see Fig. 2).

The situation is very different for the partially dative
bonded models D-1 and D-2. We find two prominent surface
statesS1 andS2 in the energy region of the Si bulk band gap
(see Fig. 2). At least within DFT-GGA, which usually suffers
from an underestimation of excitation energies,23 these two
states give rise to a semimetallic band structure and pin the
Fermi level. The orbital character ofS1, shown in Fig. 2, is
very similar to the surface state localized at the “up” dimer
atom of the clean Si(001) surface.22 The dispersion ofS1
perpendicular to the dimer row direction is very small,
whereas a large dispersion is calculated for the direction par-
allel to the dimer rows. TheS2 state is uracil derived. It is
mainly formed by nonbonding carbon and nitrogenp orbit-
als. Again, due to the interaction between neighboring mol-
ecules, a strong dispersion for the direction parallel to the
dimer rows is predicted. The oxidation of the first Si layer
sD-1→D-2d decreases the energy separation betweenS1 and
S2.

The electronic structure calculated for D-1 and D-2 indi-
cates one-dimensional metallic character(conductivity along
the dimer row direction). It thus suggests the adsorption and
self-organization of organic molecules as a viable alternative
to the fabrication of dangling-bond(DB) wires by manipu-
lating single atoms.24–26 The hydrogen-induced dangling-
bond formation on the SiCs001d-332 surface27 is a recent
example of the successful creation of metallic nanowires by
adsorption and self-assembly. In order to study the feasibility
of uracil for DB wire formation on Si(001) we performed
additional calculations. From STM it is known that the uracil
molecules form lines parallel to the Si dimer rows.14 There
are, however, two possible orientations: the molecules may
either arrange in as431d translational symmetry, or every
second molecule can be rotated by 180°, forming as432d
surface. The total energies calculated here show that the lat-
ter case is energetically slightly preferred, by tenths of an eV.

The alternating arrangement of the uracil molecules(and,
consequently, hydrogen atoms) leads to a spatial separation
of the Si dimer dangling bonds, resulting in a much reduced
energy dispersion of theS18 surface state. This can be seen in
Fig. 3. Here the band structure of thes432d D-1 model is
shown in comparison with theS1 andS2 surface bands of the
s431d D-1 structure calculated along the high symmetry
lines of the s432d Brillouin zone. The rotation of every
second uracil molecule also reduces the molecular interac-
tion and, consequently, dispersion of theS28 band. The ar-
rangement of dative-bonded uracil molecules ins432d sym-
metry leads to the opening of a small energy gap between the

FIG. 2. (Color online) Surface band structures for the interface
models D-1, D-2, and C-2 in Fig. 1. Gray regions indicate the
projected Si bulk bands. In the right panel, the orbital character of
specific states is indicated by isosurfaces for 0.05 Å−3.
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S18 andS28 surface states and thus suppresses the formation of
a one-dimensional conducting structure.

The ionization energy(or photoelectric threshold) of a
surface is given by the energy difference between the vac-
cuum level and the valence-band maximum. It can be calcu-
lated by combining bulk and surface calculations.11,28–30For
sufficiently large slabs the variation of the ionization energy
upon adsorption can be obtained by comparing the respective
values of the electrostatic potentials in the central layers of
the slab. To this end we consider the microscopic electro-
static potential calculated within DFT-GGA

VCsr d = Vps
localsr d + VHsr d. s1d

Here Vps
localsr d is the local part of the pseudopotential and

VHsr d is the Hartree potential. The averaged and smoothed
electrostatic potential in[001] direction is given by

VCszd =
1

L
E

z−L/2

z+L/2

dz8
1

A
E

A
dxdyVCsx,y,z8d, s2d

whereA is the area of the surface unit cell andL the distance
between the substrate layers. In Fig. 4 the differenceDVCszd

between the uracil/Si interface configurations and the clean
relaxed Sis001ds432d surface is shown. By comparing the
value of the potential inside the slab it can be seen that the
D-1 and D-2 bonding configurations of uracil on Si(001) lead
to a drastic reduction of the ionization energy by more than
two eV. After the formation of covalent bonds, i.e., for the
structures C-1 and C-2, the ionization energy approaches the
value of the clean surface.

Clean Si(001) surfaces experience a reduction of the ion-
ization energy by about 0.35 eV upon exposure to atomic
hydrogen. This is explained by the hydrogen-induced con-
version of tilted into untilted dimers, neutralizing the electric
double layer formed by filled and empty Si dimer atom dan-
gling bonds.10 The effect found here is much stronger and
not correlated to the tilting of the Si surface dimers. In order
to explore the uracil induced changes of the electronic struc-
ture in more detail we compute the charge difference

Drsr d = rU/Sisr d − rSisr d − rUsr d, s3d

whererU/Si is the (negative) electron density calculated for
the slab describing the uracil adsorbed Si(001) surface,rSi is
that for the clean relaxed Si(001) surface, andrU is that for a
gas-phase uracil molecule in the(possibly dissociated) con-
figuration assumed for the respective bonding geometry. The
positive and negative charge differences allow us to calculate
the average adsorption induced dipole chargeQ± and the
dipole length projected onto the surface normaldz,

12

Q± =E
Drsr d_0

drDrsr d, s4d

dz =
1

Q+E
Drsr d.0

drDrsr dz−
1

Q−E
Drsr d,0

drDrsr dz. s5d

In order to determine the charge transferred parallel to the
surface normalQi

± and its separationdi, we start from the
charge difference averaged over the surface unit cell

Drszd =
1

A
E

A
dxdyDrsr d s6d

and proceed in analogy to Eqs.(4) and (5).
The calculated values for these quantities are compiled in

Table I. Obviously, the overall uracil induced charge transfer
is rather large, withQ± values of 5–8 electrons. This is sim-
ply due to the substantial rebonding processes taking place
upon molecule adsorption. In particular for the models C-2
and D-2 already about 50% of the charge transfer is due to

FIG. 3. Surface bands of thes432d D-1 model in comparison
with the results fors431d symmetry(dashed lines). Gray regions
indicate the projected Si bulk band structure.

FIG. 4. (Color online) Difference of the averaged and smoothed
electrostatic potentials of uracil:Si adsorption configurations and the
clean Si(001) surface plotted along the surface normal in the inter-
face region. Dashed lines mark the position of the Si layers.

TABLE I. Dipole lengthsdz and di (in Å), dipole chargesQ±

and Qi
± (in e), dipole momentpz (in Debye), and changes of the

ionization energyDI due to uracil adsorption(in eV).

dz di uQ±u uQi
±u pz= uQ±u3dz DI

D-1 −0.6 −2.4 4.8 1.3 −14.6 −2.4

D-2 −0.7 −2.2 5.8 1.9 −20.4 −2.1

C-1 −0.4 −1.4 4.8 1.3 −8.5 −0.2

C-2 −0.5 −1.5 7.6 2.5 −17.9 −0.5
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the breaking of Si dimers. Only between 1–3 electrons are
transferred parallel to the surface normal, with a charge sepa-
ration between 1.4–2.4 Å(see Table I). These values are of
similar magnitude than the ones calculated for the Cs/GaAs
interface.12 The electrons forming the bonds between uracil
and the substrate originate from the substrate rather than
from the molecule. There is even some accumulation of ad-
ditional charge at the adsorbed molecule, as can be seen in
Fig. 5. This is plausible, giving the high electronegativity of
carbon(2.55), nitrogen(3.04), and oxygen(3.44) compared
to the one of silicon(1.9). However, the net electron transfer
from the substrate towards the molecule seemingly contra-
dicts the calculated decrease of the ionization energy by up
to 2.4 eV. Rather, an increase of the ionization energy would
be expected, such as for example found usually upon chlo-
rine adsorption on semiconductor surfaces.10 The apparent
contradiction is due to the dipole moments of the uracil mol-
ecules themselves, that form the outermost layer of the ad-
sorbate system. The uracil dipole moment is mainly carbonyl

group related, and therefore depends strongly on the specific
tautomer. For gas-phase molecules it is up to 7.5 Debye.31

The molecular dipole points away from the carbonyl groups,
thus along the surface normal in the adsorption configura-
tions studied here. Obviously, the ionization energy of or-
ganically modified semiconductors depends in a complex
way on the nature of the chemical bonds between the organic
molecule and the substrate, the closely related molecule-
induced charge transfer across the interface as well as the
molecular dipole itself.

In summary, from first-principles calculations we find that
the electronic properties of the uracil/Si(001) interface de-
pend strongly on the details of the chemical bonding and
adsorption symmetry. Dative-bonded interfaces are charac-
terized by a high density of states in the energy region of the
fundamental gap and a very strong reduction of the ioniza-
tion energy. The formation of covalent bonds at the interface
accompanied by a transfer of protons from the molecule to
the semiconductor surface leads to an electronically passi-
vated surface with an ionization energy close to the value of
the clean surface. The results obtained for different adsorp-
tion configurations of the same molecular species on Si sug-
gest the tailoring of surface electronic properties by means of
choosing suitable preparation conditions such as temperature
or by chemically protecting or activating specific molecular
functional groups, thus controlling the molecular bonding
and orientation with respect to the substrate.
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