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We discuss the electronic structure modifications induced on the dihydride-terminated Si�001� surface upon
cysteine adsorption by means of ab initio calculations: several stable functionalization schemes are presented,
providing different routes for biological recognition, surface nanostructuring, and biomolecular electronics
applications. The resulting hybrid systems are discussed and compared in terms of stability, structural, and
electronic properties. Based on our results, we propose STM and photoemission experiments to determine
unambiguously the adsorption mechanism involved and the attached functional group.
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I. INTRODUCTION

Research on the interaction between organic molecules
and semiconductor substrates has been extremely active in
the last decade1 with the main goal of devising routes for
stable surface functionalization. Such research is essential for
the development of hybrid devices for advanced technologi-
cal applications. Particular attention has been devoted to
silicon,2 in view of a well consolidated substrate technology
and immediate applications3–6 in molecular nanoelectronics,
biological recognition, and chemical sensors. Most of the
fundamental research on Si functionalization has been con-
fined to clean, reconstructed surfaces;7 however, the adsorp-
tion on clean surfaces requires the application of expensive
ultrahigh vacuum techniques. Traditional methods approach
functionalization by using oxidized silicon surfaces:8 these
substrates, however, are characterized by the presence of an
insulating layer, interposed between the surface and the
adsorbate,9 which can be undesirable for several applica-
tions. Moreover, the reactions on these particular surfaces are
hardly reproducible and possible electronic defects at the
semiconductor/organic interface tend to pin the Fermi level
and degrade device performance. An alternative choice is to
consider hydrogenated silicon surfaces: the hydrogen layer
hinders surface oxidation and allows the use of cheap wet-
chemistry techniques. The adsorption mechanism of organic
molecules on the semiconductor surface is a complex local-
ized phenomenon that requires a microscopic understanding,
and can be completely different for clean or passivated sub-
strates. In order to make contact with the most affordable
wet-chemistry technology, we focus on the dihydride-
terminated silicon surface in the 1�1 phase, as it is a robust,
technologically relevant substrate that can be produced with
optimal atomic flatness.10,11

Cysteine �COOH-CH�NH2�-CH2SH� is an important pro-
tein building block and one of the few aminoacids that con-
tains a sulfhydryl �-SH� group. This thiol group in its side
chain participates in the catalytic reactions of certain en-
zymes, and the residue is capable of combining with the thiol
group of other molecules: for instance, when exposed to air,

it oxidizes to form cystine, which is composed of two cys-
teine molecules joined by a disulfide bond, releasing water as
byproduct. If properly bound to a semiconductor surface,
cysteine could thus be used as a linker, possibly exposing the
sulfhydryl group, which acts as the outermost group avail-
able for further functionalization aimed at covalently immo-
bilizing biomolecules on the semiconductor surfaces. This
process has relevant applications in genomics and
proteomics.12

The present theoretical study allows us to quantitatively
compare several routes to surface functionalization through
the chemisorption of different reactive groups of cysteine,
thus leading to the design of hybrid nanodevices with differ-
ent recognition capabilities. We use ab initio density func-
tional theory �DFT� to simulate the equilibrium configura-
tions of cysteine chemisorbed on the dihydrogenated Si�001�
surface, exposing different functional groups. We compare,
on the same level, functionalization stability and electronic
properties of the relaxed structures. Our results indicate that
the most favorable adsorption geometry involves the -COOH
group and leaves the -SH as outermost group. In this con-
figuration the acceptorlike behavior of the cysteine oxygen
atoms is associated with notable modifications of the surface
electronic properties: this functionalization thus strongly af-
fects the sample conductivity, opening the way for possible
tunable devices. In the absence of experimental data on this
class of reactions, we also provide suggestions on how to
discern the grafting mechanism in terms of measurements of
semicore level shift, photoemission spectra and scanning
tunneling microscopy �STM� imaging.

II. THEORETICAL METHOD

The total energy calculations corresponding to different
chemisorbed configurations of the cysteine molecule on the
silicon substrate are performed within a first-principles DFT
scheme, using the parallel version of the ESPRESSO package13

and the generalized gradient approximation PW91 �Ref. 14�
for the exchange and correlation potential. The single-
particle wave functions are expanded in a plane wave basis
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set up to a cutoff energy of 25 Ry, and all atoms are de-
scribed by “ultrasoft” pseudopotentials, according to the
scheme proposed by Vanderbilt.15 Brillouin-zone sums are
performed by including 16 irreducible Monkhorst-Pack spe-
cial k points.16

The cysteine molecule is characterized by a large dipole
moment of �2 D, oriented from the carboxylic to the thiol
group in the neutral case �see Fig. 1, panel �f��, while its
zwitterionic form exhibits a much larger dipole.17,18 In order
to accurately describe the system in the presence of rather
large surface dipoles, we used a periodically repeated sym-
metric supercell with 13 silicon layers, four atoms per layer,
and a 70 Å vacuum region, saturated at both sides with di-
hydride terminations. Both slab sides are then reacted with a
cysteine molecule.

The initial configurations for the ab initio calculations are
obtained using the PCFF empirical force field.19 First-
principles structural relaxations are then performed without
symmetry constraints until the forces are smaller than
0.005 eV/Å. This allows for accurate geometry optimiza-
tions of the functionalized surfaces.

III. RESULTS

A. Structure and energetics

Several possible dissociative reactions of the cysteine
molecule on a perfectly dihydrogenated 1�1 silicon �001�
surface �H:Si�001�-1�1� were considered. We studied the
0.5 ML coverage condition �the 1 ML coverage is hindered
by steric factors due to the cysteine molecule overall dimen-
sions�. By comparing the binding energies20 ��E� of several
configurations obtained by dissociative chemisorption
through different reactive groups of the molecule, we ob-
tained five exothermic reactions, shown in Fig. 1.

The most stable equilibrium configuration for the hybrid
system, obtained after ionic relaxation, is represented in Fig.
1�a� �cysOO configuration�: we find that the presence of the
oxygen atoms in the reactive -COOH group of cysteine is
conducive to a very stable configuration ��E=−1.46 eV�,
characterized by the formation of a double covalent O bridge
between two Si atoms of the surface and the C atom of the
carboxylic group of cysteine. The N and S functionalities are
on the outside of the functionalized surface, and, in particu-
lar, the thiol group is the outermost one, thus available for
subsequent layering chemistry. The reaction residue is a H2
molecule consisting of the H atom belonging to the hydroxyl
group of the cysteine and one H atom of the Si surface. The
Si-O-C bridges of the cysOO configuration should not be
subject to hydrolysis �breaking of the Si-O bond after reac-
tion with a water molecule� for several reasons: �1� the bond
is energetically very stable; �2� steric effects should prevent
the water molecules from approaching the Si-O bridge; �3�
the presence of the external hydrophobic sulfur group is ex-
pected to repel the water molecules. Previous studies21 ad-
dressing the chemisorption reaction of a saturated carboxylic
acid �i.e., propionic acid, CH3CH2COOH� on H:Si�001� re-
ported a similar value for the binding energy of a doubly
O-bridged configuration ��E=−1.26 eV�; furthermore, two

metastable singly O-bridged configurations were obtained
for that carboxylic acid ��E=−0.42 eV and �E=−0.76 eV�.
Hence, due to the local nature of the chemical bond, that
causes energetics of chemisorption through a functional
group to be mostly independent on the rest of the molecule,
we can argue that metastable singly O-bonded configurations
are feasible for the case of cysteine too, with comparable
binding energies as for the case of carboxylic acid. The
stable double O bridge realizes a sort of controlled oxidation
of silicon which does not limit the electronic coupling be-
tween adsorbate and substrate. The reason for the prominent
stability of the cysOO configuration can be explained by the
presence of O-centered electronic orbitals in the -COOH
group of cysteine, that spread over a large energy range
��10 eV� and are strongly hybridized to the silicon states:
this is a general feature of carboxylic-based systems.21

The second exothermic reaction leads to the formation of
a double Si-O-C and Si-S-C bridge between the adsorbate
and the substrate �cysSO system, shown in Fig. 1�b��. In this
case, two hydrogen molecules are released as reaction resi-
dues. Despite the presence of the double bridge, the calcu-
lated binding energy ��E=−0.51 eV� of this configuration is
comparable to the strength of a single Si-O-C bond following
chemisorption via a -COOH group: This phenomenon can be
attributed to a large distortion of both the molecular bonds
and angles.

Figure 1�c� shows that the system can also assume a con-
figuration �called cysS� characterized by a bond between the
surface and the S atom alone. In this case as well, the reac-
tion residue is one H2 molecule. There are numerous reports
that thiols bond on metal surfaces,9,23,24 whereas the case of
semiconductor substrates is less investigated 25: we present
here an ab initio supercell description of the Si-S-C bridge
involving a thiolated molecule on an hydrogenated silicon
surface. The energy stability ��E=−0.49 eV� is quite large
and close to that of a single Si-O-C bond. The prominent
stability of the cysS configuration as compared to cysSO can
be explained not only by the different distortions of the
grafted molecule �as verified by a comparison of dihedral
angles� but also by the formation of a weak hydrogen bond
connecting the oxygen of the hydroxyl group in -COOH and
the nitrogen atom of the amine group, which is found to be
properly rotated, possibly anticipating cysteine zwitterioniza-
tion.

The last two equilibrium configurations are depicted in
Figs. 1�d� and 1�e�; they result from exothermic reactions
involving the amine group of the cysteine. The two systems
are characterized, respectively, by the presence of a single
Si-N bond �cysN system, �E=−0.16 eV, one H2 molecule as
a residue� and a double Si-O-C and Si-N bridge �cysNO
system, �E=−0.10 eV, two H2 molecules released�.26 As for
the double bridge of the cysSO system, the distortion in-
duced by the substrate weakens the bonds at the interface in
the cysNO case. Consequently, the absolute value of the
binding energy is smaller than for the corresponding singly-
bonded configuration.

B. Electronic properties

We now analyze the electronic properties of the hybrid
cysteine/silicon systems focusing on the three most favorable
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configurations, i.e., bonded through a double O-bridge
�cysOO system, Fig. 1�a��, bonded through a Si-O-C-
R-C-S-Si bond �cysSO system, Fig. 1�b��, and through a Si-
S-C bridge �cysS system, Fig. 1�c��.

The density of states �DOS� for these configurations are
reported in Fig. 2, superimposed with the atomic decompo-
sition on O- and S-derived states, in panels �a� and �c�; in �b�
we also show the DOS of the hydrogenated �001� silicon
surface for comparison. The zero of the energy scale in Fig.
2 has been set to the valence band top EV of each calculation.
For the specific case of cysSO, the near degeneracy of the
valence band maximum for the unreacted and the function-
alized surfaces reflects the almost identical value of the
vacuum levels for these two systems �see Fig. 3�, as obtained
by lining up the macroscopic average27 of the Hartree and
external potentials �Vmacro�. As described in Ref. 28, this av-
erage of the electrostatic potential, Vmacro, has been calcu-
lated by integrating over the plane parallel to the surface and,
then, by a running average along the �001� direction with a
period equal to a bilayer distance.

All the structures are semiconducting, with an energy gap
extremely close to the one of the unreacted dihydrogenated
Si�001� surface. We analyze the states originating from the
DOS projection both on interface atoms involved in the
bonds and on the atoms that are exposed outside the func-
tionalized surface: we always find that the former hybridize
and create a dispersive band, while the latter preserve their
molecular character, which can be exploited for further func-
tionalization. Accordingly, the highest occupied molecular
orbital �HOMO�, which is mostly composed of S �and a
small N� contribution, remains practically unmodified after
reaction leading to the cysOO structure �see Fig. 2�a��. It
does not show important rehybridization with Si states. Be-
ing close to the substrate valence band top and Fermi level,

we argue that this particular functionalization of H:Si can
strongly affect the sample conductivity, opening the way to
possible tunable devices.3

The low-energy part of the DOS is always characterized
by the presence of five semicore energy levels which corre-
spond to molecular states. It is noteworthy that most of these
semicore levels experience a significant energy shift,22 as
summarized in Table I. This energy shift can be accounted
for by two main contributions, namely �1� a configurational
effect, which as expected relates the shift to actual
rehybridization—of higher-lying orbitals of the correspond-
ing atom—induced by bond formation; and �2� a dipole ef-
fect caused by the orientation of the molecules on the sur-
face, which induces a shift on all energy levels with respect
to the vacuum �see Fig. 3�. The two lowest peaks of the DOS
are primarily made of s-type states of the cysteine carboxylic
group, and a large shift of these peaks is observed in the
DOS for the cysOO system. These semicore level shifts can
be attributed for the most part to the modification of the
oxygen orbitals involved in the adsorbate-substrate bond: in
the cysOO configuration both oxygen atoms must modify
their bonding geometry with impact on their s-type orbitals.
This configurational effect is partly compensated by the di-
pole effect �see Fig. 3�. In correspondence with a lower par-
ticipation of oxygen atoms in the formation of cysSO, a
smaller �but still observable� shift of the first two levels is

FIG. 1. �Color� Panels �a�–�e� show the exothermic configura-
tions and corresponding binding energies for the chemisorption of a
cysteine molecule on a silicon substrate, namely H:Si�001�1�1, in
the 0.5 ML coverage regime. The isolated cysteine structure is dis-
played in panel �f�. In �f� a sketch of the dipole moment in the
neutral molecular state is also indicated �Refs. 17, 18, and 22�.
Color scheme: O atoms are in red, C in green, N in blue, H in white,
S in light yellow, and Si in dark yellow. Only the outermost sub-
strate layers are shown.

FIG. 2. �Color� DOS for the three most relevant hybrid struc-
tures: cysOO �panel �a�� cysSO �panel �b��, and cysS �panel �c��
configurations. All DOS are shown aligned at the valence band top,
EV. Panels �a� and �c� also show the projection of the DOS on
oxygen atoms �red line� and on sulfur atoms �brown shaded region�;
in panel �b� the DOS of the clean H-Si surface �grey shaded region�
and of the isolated molecule �brown lines� are also reported for the
sake of comparison. For all functionalized surfaces, we always find
both bonding and resonant states. The insets show some significant
single-particle states: bonding states �referring to panels �a� and �c��
and resonant states �referring to panel �b��.
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detected in the DOS of this latter configuration �see Fig. 2�,
which is not lowered by the dipole effect, as no energy level
shift with respect to vacuum level is found for the cysSO
geometry �see Fig. 3�. For the softly bonded cysS system, we
observe that the two lowest peaks experience the most siz-
able energy shift in spite of small charge rehybridization. In
this case, a small configurational term comes from the struc-
tural modification of the environment of the s-type oxygen
states, due to the displacement of the H atom towards a zwit-
terionic geometry. The energy shift of the first two levels
induced by the dipole is large and of the same sign of the
configurational effect �Fig. 3�. The rotation of the amine
group in the cysS system moves the third peak closer to the
first two semicore levels.17,18 This configurational term for
the third peak, that is actually mainly composed of a
N-localized state, is exactly canceled out by the surface di-
pole energy redistribution. These predicted features are
strongly dependent on the specific grafting mechanism, and
they can therefore help in distinguishing the kind of func-
tionalization obtained experimentally.

The insets of Fig. 2 report some relevant single-particle
states of the functionalized surface: each molecular state in-
teracts with the states of the hydrogenated surface, thereby
forming hybrid orbitals. In particular, an analysis of the
single-particle states in all Si-O bonded configurations
�cysSO and cysOO systems� shows the formation of low
energy bonding orbitals that are mainly centered on oxygen,
while the bond involving S is characterized by a smaller
charge intensity. Resonant states at the HOMO level and
below are present, due to the superposition of the molecular
states with the dispersive silicon valence band. The presence
of several bonding orbitals involving the O atoms that induce
charge rehybridization with the valence p Si-band is respon-
sible for the strength of the C-O-Si bond. The study of the

shape of the total electron charge density and the analysis of
Lowdin charges show that in all the configurations �cysOO,
cysS, and cysSO� the overall electron density is centered
around O atoms. In particular, this analysis for cysOO shows
that the charge distribution is localized on the oxygen atoms
upon the O-bridge formation, involving partial depletion of
surrounding Si atoms and the filling of available p levels of
O atoms, consistently with larger electronegativity of oxy-
gen. In the case of cysS, we find that the mechanism involv-
ing S-Si bond formation is softer, due to a lower extent of
charge rehybridization of S states.

The charge deformation at the surface and the different
surface dipoles are revealed by different charge spilling and
potential profiles outside the slab �Fig. 3�. In order to fully
characterize the functionalizations proposed, and to suggest
possible experimental probes to analyze and test the system,
we have calculated the ionization energy, or photothreshold,
for the most stable configurations. The photothreshold has
been estimated as the energy difference between the vacuum
level and the valence band maximum for each system, by
using the alignment procedure based on Vmacro described
above. Figure 3 shows the macroscopically averaged electro-
static potential for the hybrid systems and for the unreacted
H:Si surface. We find a non-negligible variation in the ion-
ization energy of the silicon surface upon functionalization,
which turns out to depend on the chemisorption mechanism,
and on the different orientation of the molecular fragment
�i.e., of its dipole� on the surface. In particular, we find that
the ionization energy increases in the cysOO configuration
by 0.6 eV, while it is decreased by �1 eV in the cysS con-
figuration, consistently with the formation of stronger cova-
lent bonds for the first geometry and the different electrone-
gativity of the atomic species involved in the grafting
process.28 The opposite trend of ionization energies for the
cysOO system with respect to the cysS is consistent with the
schematic picture of the oxygen acceptorlike behavior for
cysOO that we mentioned above. Even if they are obtained
for a saturated surface, these values are of the same order of
magnitude as those obtained for uracil adsorption on a clean
silicon surface29 when the interface bonding has a covalent
nature. The occurrence of wide differences in the ionization
energy for surfaces of the same compound along different
orientations and/or reconstructions was already
established:30,31 it is induced by local rearrangements of the
surface dipole32 and, in cysOO, by strong electron localiza-
tion in the bond region in the absence of electronic states
within the gap. We interpret the strong and opposite varia-

TABLE I. Semicore level shifts �eV� for the five lowest molecu-
lar levels of the cysOO, cysSO, and cysS functionalized surfaces
with respect to the isolated molecule �Ref. 22�. The energy shifts
were calculated by aligning the energy levels of different configu-
rations to the vacuum level.

1st 2nd 3rd 4th 5th

cysOO 0.65 0.39 −0.39 −0.54 −0.52

cysSO 0.47 0.23 −0.25 −0.20 0.04

cysS 1.35 1.14 0.00 0.44 0.80

FIG. 3. Difference between the macroscopically averaged elec-
trostatic potential for the functionalized surfaces and for the unre-
acted H:Si�001� surface as a function of the z position inside the
slab. EV is the valence band top for each configuration. Note that z
is taken along the �001� direction and that a structureless portion of
the vacuum region used for the calculation was cut out. Alignment
of the vacuum levels shown here were used to extract the values in
Table I.
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tions in ionization energy for the isoelectronic cysS and
cysOO configurations as induced by the opposite surface di-
pole orientations for the two systems. Although the estimate
of surface dipoles may depend on the simulation details,30

several contributions discussed previously �localized charge,
molecular dipole moments, potential profile� are consistent
with the present description, and point to different ionization
potentials for the different functionalizations proposed.33

Finally, we refined the characterization of the electronic
properties by computing STM images26 for the cysOO,
cysSO and cysS configurations: the tunneling current be-
tween the functionalized surface and a model probe tip is
calculated as proportional35 to a convolution of the local den-
sity of states of the surface at the position of the tip. We
therefore expect the sulfur and nitrogen atoms to play the
major role, as the DOS projected on these atoms is mainly
localized on states close to the valence band maximum. In
Fig. 4, we present the calculated STM images at constant
current and a bias voltage of −1.0 V. The bright protrusion in
the plot for the cysOO configuration corresponds to p states
localized on the S atom, which confirms the predominant
role of the thiol group for a possible further protein anchor-

ing to the functionalized surface; moreover, the STM pattern
for the cysOO is clearly distinguishable from the case of
cysSO and cysS, where the spots are mainly due to the con-
tribution of lower energy states from the N atoms and the
overall shape and brightness is different. These results pro-
vide a microscopic model of images that can be detected in
STM experiments, which may help reveal the specific func-
tionalization mechanism.

IV. CONCLUSIONS

In summary, we have characterized the functionalization
schemes obtained for cysteine chemisorption on H:Si�001�,
by means of first-principles calculations. Our results indicate
that the most favorable adsorption configuration involves a
strong covalent bonding through a double Si-O-C bridge.
Other possible reactions involving different functional
groups can however be stabilized. Our theoretical simula-
tions of photoemission properties and STM images allow us
to propose experimental probes to distinguish between the
different stable configurations. The reaction through the Si-
O-C bridge realizes a controlled oxidation of the silicon sub-
strate and leaves a thiol as the outermost group, which can be
exploited for further functionalization. The analysis of the
electronic properties shows that this grafting mechanism is
also promising for molecular electronics applications.
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