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Combined theoretical and experimental study on the adsorption of an isolated benzonitrile molecule on the Si(001)

surface, followed by the adsorption of Al (group IIl), Pb (carbon group) and Ag (transition metal) is presented. It is shown
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that two new adsorption sites with enhanced reactivity are formed on the surface in the vicinity of the pre-adsorbed

molecule. This is evidenced by the increase of the calculated binding energy of the metallic ad-atoms adsorbed at these

sites. Experimentally, this enhanced local reactivity of the modified surface is only partially retained when more metallic

atoms are adsorbed on the modified surface at room temperature. This is evidenced by the formation of 1-dimensional

atomic chains (Pb, Al) attached to one side of the pre-adsorbed molecule.

l. Introduction

Interactions of metallic elements with semiconductor surfaces
have been of great fundamental and practical interest for
decades [1-15]. Recent, renewed interest in interactions of
organic molecules with semiconductor surfaces, especially
Si(001), is of enormous importance in attempts to develop
functional, atomic-molecular-scale systems for future nano-
scaled technologies [16-24,42]. In this paper we study the
reaction mechanism of an isolated organic molecule with
Si(001) and subsequent reaction with adsorbed metallic
elements. Such semiconductor/organic/metal hybrid systems
are of primary importance for developing fundamental

understanding of the controlled reactivity of Si(001) for its

effective organic/metallic functionalisation. It was shown
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experimentally and theoretically that diffusing group M-IV
elements on the Si(001) surface at room temperature (RT) can
be effectively stabilized by surface defects such as C-defects
[10,11,13,25,26,27]. It was also shown that this process leads
to the formation of stable atomic-wide chain-like structures
pinned to the defect. Interestingly, the other, commonly
observed defects on Si(001), such as A and B defects, have not
been observed to act as nucleation centers for diffusing ad-
atoms [28]. As a C-defect originates from the dissociation of an
adsorbed water molecule [30-34], it has been concluded that
the adsorption of some selected molecules on Si(001) may also
lead to the local, chemical activation of the surface. Indeed, a
recent study has shown that a benzonitrile molecule after
adsorption on Si(001) acts as a nucleation centre for the In ad-
atoms diffusing on the surface at RT and leads to the
formation of the atomic chains pinned to the adsorbed
molecule, similarly to the C-defect [40]. Also, a new stable

configuration of a benzene molecule chemisorbed on Si(001)
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reported recently, has been shown to be formed in the vicinity
the C-defect [29].

In this contribution we investigate the effect of benzonitrile
molecule adsorbed on the Si(001) on the subsequent reaction
and aggregation of different types of metallic adsorbates such
Al (group lll metals), Pb (carbon group) and Ag (transition
metal). Our theoretical studies were also partially
supplemented by STM measurements, i.e. were limited to
isolated molecule on Si(001) and subsequent reaction with the
Al and Pb ad-atoms. We show that upon molecular adsorption
the modified Si(001) substrate becomes locally, chemically
activated and that the subsequent reaction of the metallic
elements leads to their adsorption in the vicinity of the
adsorbed molecule. We also show that the predicted
enhanced reactivity of the modified surface will only be
partially retained when metallic atoms are adsorbed on the
modified surface at room temperature. The study reveals the
mechanism that is responsible for the modification of the
chemical reactivity of Si(001) and verifies that the molecules
on Si(001), similarly to the C-defect, can lead to spontaneous,

controlled organization of various metallic elements on this

technologically important substrate.

Il. Methodology

Computational. Total energy and electronic structure

calculations were performed using the DFT method as
implemented in the Fireball code [35-38]. The local orbital
pseudo-atomic basis set used the

was along with

pseudopotentials for the ion cores and the electronic
exchange-correlation contributions within the local-density-

approximation (LDA) functional of Ceperly and Alder [39]. The

calculated bulk Si lattice constant of 5.46 A was used to
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construct the six layer asymmetric slab to model the Si(001)-
c(4x2) reconstructed surface within the large (8x6) surface unit
cell. The dangling bonds at the bottom of the slab were
saturated by hydrogen atoms. In the total energy calculations
the benzonitrile molecule, metallic ad-atoms and the four
topmost atomic layers of the substrate were allowed to relax.
The adsorption energies were calculated using the following
formula:

Eods = ~[Emss— (Em+ E)]

where E,.s represents the calculated total energy of the
system composed of the substrate and the adsorbate
molecule or ad-atom), E; denotes the total energy of the clean
substrate, and E,, is the energy of a free (gas phase) molecule
or ad-atom.

To estimate the kinetics effects on the diffusing ad-atoms on
the modified Si(001) surface we have calculated the activation
energies (barriers) for selected diffusion pathways using the
Nudged Elastic Band (NEB) method [44] implemented in the
Fireball code. The activation energies were used to calculate
the inverse of the Arrhenius rate [combined with a typical for
the Si(001) surface attempt frequency ("'1012 Hz) and the
temperature at which the experimental data were collected
(room temperature, T=300K)], to obtain the time scale of the
corresponding diffusion processes.

The electronic properties have been analyzed based on the
calculated local density of states (LDOS) distributions. In
Fireball, the energy eigenvalues are determined via the
corresponding Green function matrix which is also used to
construct the density of the states (DOS) of the whole system.
This total DOS contains information about the local DOS

(LDOS) associated with each valence orbital of each atom in
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the system. The local orbital pseudo-atomic basis set allows
LDOS to be extracted from the total DOS by projecting the
latter on selected valence orbitals of an selected atom. For a
group of atoms selected from the whole system the
corresponding LDOS distribution is calculated as a sum of the
LDOS contributions from the valence orbitals of each atom
within the selected group.

The electronic structure analysis based on LDOS is
supplemented by the charge density distributions calculated
for the electronic states associated with the characteristic
LDOS features.

Experimental. The room temperature (RT) scanning tunneling
microscopy (STM) experiments were carried out in an ultra-
high vacuum (UHV) system with a base pressure in the 10
mbar regime. The As-doped Si(001) sample were outgassed at
970 K and subsequently flashed at 1600 K. Benzonitrile
molecules were dosed out of a saturated vapors into a
separate chamber using a home-built evaporator [43]. The
cleanness of the molecule vapor was checked by mass
spectrometry prior exposition. The samples were exposed to a
partial pressure of 4* 10™° mbar of benzonitrile for 5’ resulting
in a coverage of approximately 0.05 monolayer (ML). The Al
and Pb were deposited by means of electron bombardment of
pieces of bar (for Al purity of 99.97%, for Pb purity of
99.9998%) out of a Mo crucible at a base pressure of <1 x 107
mbar and a flux of 0.5 ML min™" in a direct line of sight onto

the Si substrate at room temperature. Tungsten sputtered tips

were used in all STM measurements.
lll. Results

A. A single benzonitrile molecule on Si(001).

i) Experimental STM images and structure assignment.

This journal is © The Royal Society of Chemistry 20xx
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The RT STM filled and empty states images of an isolated
benzonitrile molecule (CgHsCN) adsorbed on Si(001) are shown
in Figs.1a and 1b, respectively. In the occupied states image of
Fig.1a, the adsorbed molecule appears as a protrusion above
two silicon dimers located on the two adjacent dimer rows.
The feature on one row is associated with the carbon ring, and
a very discreet protrusion on the neighboring dimers row is
associated with nitrile (-CN) group. Close inspection of the
filled state STM images of Figs.1a and 1c also shows that the
adsorbed molecule pin the flipping, bare Si dimers in close
proximity of the adsorption site in the local c(4x2) and p(2x2)
reconstructions. In the empty states image (Fig.lb) the
adsorbed molecule appears as a one bright protrusion (due to
carbon ring) and two much smaller features on the opposite
side of the nitrile group. Figure 1c shows the enlarged filled
state image of the adsorbed molecule with the calculated
bonding configuration of the adsorbate. The results presented
in Figs.1la-1c are entirely consistent with that reported in [40].
Also, our experimental STM data and that presented in Ref.
[40] clearly show that the adsorbed molecule is immobile on
the surface at room temperature.
The calculated most stable geometry of the isolated
benzonitrile molecule adsorbed on the clean Si(001)-c(4x2)
reconstructed surface, with the calculated binding energy of
2.59 eV, is shown in Fig.2. The structural details are presented
in Table I. The data shows that the phenyl ring of the molecule
interacts with two adjacent silicon dimers on the same dimer
row (C1-Si4 and C4-Si2 in Fig.2), while the nitrile functional
group interacts with one dimer on the neighboring silicon
dimer row (N-Si7 in This

Fig.2). dimer-row bridge

configuration, with the molecule adsorbed between two
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adjacent dimer rows, also pins the bare Si dimers on each
affected dimer row, as evidenced by the experimental filled
state STM images of Figs.1la and 1c.

The stability of the dimer-row bridge configuration is due
mainly to two covalent bonds formed between the phenyl ring
and the substrate Si dimer atoms. The formation of these
bonds breaks, however, two intra-dimer m-bonds in the Si
dimers interacting directly with the molecule (dimers c, d in
Fig.2a). This is evidenced by the calculated structural data - the
bond lengths of the chemisorbed Si dimers increase and their
buckling angle decreases with respect to the bare silicon
dimers (see Table 1) — bonds being broken and two
unsaturated, unpaired dangling bonds are formed on the Si
atoms at the free ends of the chemisorbed dimers. They can
be identified in the experimental STM images as protrusions
indicated by letter A in Figs.1a and 1c.

The interaction of the substrate with the molecule via the
nitrile group can be realized in two ways - the N atom of the
group is attached to an up-Si dimer atom or to a down-Si
dimer atom. In both cases the newly formed N-Si bond breaks
the intra-dimer m-bond and the unpaired dangling bond is
formed at the free end of the chemisorbed dimer (protrusion
indicated by letter B is the STM image of Figs.1a and 1c). We
have found, however, that the configuration where the N
atom bonds to the down-Si dimer atom is energetically by 0.36
eV more favourable. The most stable structure is shown in
Fig.2, and it is the only one considered later in this study.

The STM manipulations performed on the adsorbed molecule,
as reported in [40], indicate that the adsorption of benzonitrile

is non-dissociative. Also the adsorbed molecule is expected to

remain structurally similar to its gas phase geometry. Close
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inspection of the calculated structural data shows, however,
that the interaction of the molecule with Si(001) breaks the
aromatic structure of the phenyl ring and two spatially
localized, double bonds (C5-C6 (7) and C3-C2 (4) in Fig.2) are
formed with the bond lengths of 1.32-1.35 A. The data also
shows that length of the C-N bond in the free molecule and
after its adsorption is very similar: 1.19 A and 1.22 A,
respectively, indicating that the bond within the nitrile group
in the gas phase is only slightly affected by the formation of
the new bond between the Si and N atoms.

ii) Electronic structure.

Further insight into the bonding structure of the adsorbed
system is given by the analysis of the electronic local density of
states (LDOS) projected on the adsorbed molecule. The
calculated LDOS distribution is shown in Fig.3 — it was obtained
as a sum of the LDOS contributions associated with the valence
orbitals of all atoms of the molecule. Features (a) and (b) of
Fig.3 located ~1.8 eV and ~4.6 eV below the Fermi level,
respectively, are both composed of the p, states of the C1 and
C4 ring atoms and the p, states of the Si4 and Si2 substrate
atoms (see Fig.2). The interaction between these states leads
to the formation of the C1-Si4 and C4-Si2 (phenyl ring-
substrate) covalent bonds. In addition, feature (a) also consists
of the p, states of the C5 and C6 ring atoms, while feature (b)
contains the p, states of the C5 andC6 as well as C2 and C3 ring
atoms. As a result both (a) and (b) features also represent two
C5=C6 and C2=C3 double bonds formed on the phenyl ring
upon adsorption. The partial charge distributions calculated
for the electronic states contributing to features (a) and (b) are

presented in Figs.4 a) and 4 b), respectively.
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Peaks (c) and (d) in LDOS of Fig.3 consist mainly of the p, and
p, states of the phenyl ring atoms and as such describe the
bonding structure within the ring. Peak (i) as well as peaks (g),
(h) and (I), describes the bonding between the ring C atoms
and the ring hydrogen atoms, as well as the bonding within the
nitrile group, respectively.

Figures 4 c), 4 d), 4 e) and 4 f) show the partial charge
distributions associated with LDOS features (e), (f), (j) and (k)
shown in Fig.3. All of them are related to the bonds in which
the N atom of the nitrile group is involved. Features (e) and (f)
represent the formation of the o and double (m) bonds,
respectively, within the nitrile group, while peaks (j) and (k)
describe bonding between the N atom and the Si substrate
atoms. The latter originates predominantly from the
contributions of the p, states of the N atom and the s state of
the down-Si dimer atom.

The revealed energetic order of the various bonds formed in
the adsorbed system explains some of the experimental
results shown in Fig.1 and reported in [40]. Firstly, as the C-N
bond is significantly lower in energy then the C=C double
bonds, only the latter should be imaged in the filled state STM
images. This agrees with the experimental STM images of
Fig.1, where the large white protrusion indicated by symbol C
can be identified as a feature associated with the C=C double
bonds on the phenyl ring. Secondly, the calculations also show
that while the molecule is bonded to the substrate via two C-Si
bonds and one N-Si bond, the latter is much lower in energy
and therefore much stronger. Moreover, the bonds within the
adsorbed molecule, especially within the nitrile group, are just

slightly weaker then the Si-N bond. Such energetics order

explains the results of direct manipulation of the adsorbed

This journal is © The Royal Society of Chemistry 20xx
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molecule using the STM tip reported in [40]. As it was
demonstrated in [40] increasing the bias voltage and keeping
simultaneously the tip-sample separation constant leads to the
rotation of the adsorbed molecule by ~50 deg around the
strong N-Si bond, which remains preserved during rotation.
Such transformation of the molecule is possible because
weaker Si-C bonds are broken during rotation and are restored
in the new configuration of the adsorbed molecule.

One of the main goals of this study is to understand the role of
the unpaired Si dangling bonds that appear on the three silicon
dimers upon adsorption, play in changing locally the chemical
properties of the Si(001) substrate. To clarify this point the
local density of states (LDOS) projected on the three silicon
atoms located at the free ends of the chemisorbed dimers (c, d
and b in Fig.2) that are presented in Fig.5 will be discussed
next.

Figure 5a shows LDOS associated with the free ends of dimers
c and d affected by the chemisorbed ring (atoms Sil and Si3,
respectively, in Fig.2). The sharp LDOS peak in Fig.5a, located
0.2 eV below the Fermi level, represents the two dangling
bonds that are localized at the free ends of the chemisorbed
dimers. This LDOS feature is composed almost solely of the p,
orbitals associated with the Sil and Si3 atoms indicating that
the intra-dimer [1-bond on these chemisorbed dimers is
broken. However, the side overlapping along the dimer row of
the p, orbitals, that are located on the adjacent atoms S1 and
Si3, leads to the appearance of the inter-dimer [I-interaction
and inter-dimer [I-bond. It is the latter that is characterized by
the LDOS peak at 0.2 eV in Fig.5a. The charge density plot
associated with this peak is shown in Fig.5d and illustrates the

charge transfer within the intra-dimer [J-bond.
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LDOS related to the free end of dimer b affected by the nitrile
group (atom Si8 in Fig.2) is presented in Fig.5b. This figure also
shows LDOS projected on the Si down-atom on un-
chemisorbed dimer a (atom Si6) adjacent to dimer b. Finally,
for comparison LDOS associated with two Si atoms of a bare Si
dimer on Si(001) is shown in Fig.5c. We observe that by
contrast to LDOS of Fig.5a, LDOS of Fig.5b is very similar to that
for the bare Si dimer, suggesting a negligible effect of a
broken, single, intra-dimer m-bond on the LDOS distribution
(compare Figs.5b and 5c).

B. Functionalisation of the modified Si(001) surface.

i) Computational study.

It was demonstrated that diffusing In ad-atoms on Si(001) with
preadsorbed benzonitrile can be stabilized and aggregated in
the form of the chain-like structures [40]. The latter was
shown to be initiated by the adsorption of the In atom
between two dangling bonds on two Si dimers directly
interacting with the phenyl ring of the adsorbed molecule. In
the present contribution we investigate the adsorption
mechanism of transition metal element (Ag) and an element
from carbon group (Pb) on the modified Si(001) substrate. The
reaction of Al (group IlIl) is also investigated to provide a link to
the published data for the In/Molecule/Si(001) system [40].
The interactions of the ad-atoms with the substrate are
examined at two adsorption sites on modified Si(001)
identified in the previous section as “reactive” - (i) between
two dangling bonds on two Si dimers directly interacting with
the phenyl ring of the adsorbed molecule (Configuration A)
and, (ii) in the vicinity of the single dangling bond on the Si

dimer interacting with the nitrile group (Configuration B). The

latter case was not considered before.
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The relaxed atomic structures for the Al, Pb and Ag ad-atoms
in both Configuration A and Configuration B are shown
schematically in Fig.6. Table Il contains the calculated
adsorption energies of the ad-atoms in both configurations as
well as the characteristic inter-atomic distances and angles in
the most stable geometries.
We observe that for the Al and Pb ad-atoms the adsorption
geometries in Configurations A and B are very similar (see
Figs.6a and 6b). In Configuration A these ad-atoms adsorb at
the bridge sites between two dangling bonds on two adjacent
Si dimers on the same dimer row directly interacting with the
phenyl ring of the adsorbed molecule, while in Configuration B
between the single dangling bond on the Si dimer interacting
with the nitrile group and the adjacent bare Si dimer on the
same dimer row. By contrast, for the Ag ad-atom we have
found several different adsorption structures as derivatives of
Configurations A and B. The two most stable are presented on
Fig.6c as structures (i) and (ii). We have found that structure
(ii) is by 0.29 eV (Configuration A) and 0.4 eV (Configuration B)
energetically more favourable than structure (i). Also, in
contrast to the stable structures induced by the Al and Pb ad-
atoms, in the most stable structure (ii) the Ag ad-atom
interacts with two substrate atoms on adjacent dimer rows -
Si12 and Si3 (Configuration A) and Si8 and Sil5 (Configuration
B). Similar ad-atom geometries and energetic preferences
were found for a single Ag ad-atom adsorbed on clean Si(001)
[41].
The data in Table Il shows that the ad-atom adsorption
energies in Configurations A are by 0.62 eV (Al), 0.96 eV (Pb)
and 0.64 eV [Ag, structure (ii)] higher than those on the clean

Si(001) surface. We also observe that while the ad-atom
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binding energies in Configuration B are also higher than that
on the clean surface - by 0.12 eV (Al), 0.21 eV (Pb), and 0.47 eV
[Ag, structure (ii)] - they are considerable lower than in
Configuration A. For the Al and Pb ad-atoms this difference
arises because in Configuration A the ad-atoms interact with
two unsaturated, chemically active dangling bonds at the free
ends of two chemisorbed Si dimers, while in Configuration B
the ad-atoms interact only with one unsaturated dangling
bond. The considerable smaller difference between the
binding energies of the Ag ad-atom in Configurations A and B
can be explained by the fact that in both configurations Ag
interacts with only one unsaturated Si dangling bond (see
Fig.6c, structure (ii)).

The enhanced local chemical activity of the modified Si(001)
substrate, measured by comparing the binding energies the
adsorbed ad-atoms on clean and modified Si(001), can initiate
the process of one-dimensional aggregation of the ad-atomes, if
more of them adsorb on the surface [1,2,9,10]. The stable
geometries of these aggregates are expected to be the same
as those reported earlier, i.e, 1-D atomic chains formed across
the Si dimer rows [1,2]. It should be noted, however, that for
the Ag ad-atoms, despite the enhanced local chemical activity
of the substrate, the ad-atom adsorption geometries do not
provide any new active sites for subsequent ad-atom
adsorption and the formation of the 1D ad-atomic chain will
not occur [12]. Therefore in the subsequent sections, the
interaction of the ad-atoms with the substrate in the vicinity of
the pre-adsorbed molecule will be analyzed further for the Al
and Pb ad-atoms only.

To estimate the kinetics effects on diffusing ad-atoms on the

modified Si(001) surface we have calculated the activation

This journal is © The Royal Society of Chemistry 20xx
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energies (barriers) and the time scale of the corresponding
diffusion processes of the Pb adatom in Configurations A and
B.

In Configuration A the anchoring site generated on Si(001) by
the adsorbed molecule is located in the front of the molecular
carbon ring. We have analysed three competing diffusion
pathways taken by the Pb adatom during detachment, i.e, the
transition of the adatom from the anchoring site to the sites
between the clean Si dimers on the adjacent dimer row
(Pathway 1), and on the same dimer row (Pathway 2 and
Pathway 3). The corresponding reverse processes (attachment
of the Pb adatom) were also studied.

The energy barrier associated with Pathway 1, i.e., the shift of
the Pb ad-atom from the anchoring site to the next nearest
adsorption site across the dimer row (detachment) was
calculated to be 1.02 eV, while the ad-atom movement in
opposite direction (attachment) requires the activation energy
of 0.16 eV. The latter barrier is very small and rapidly crossed
at room temperature - the estimated timescale for this process
is of the order of 0.5ns at room temperature. As the estimated
timescale for the detachment process is 38h at room
temperature (activation energy of 1.02 eV), it is clear that
following Pathway 1 the Pb adatom will immediately be
adsorbed at the anchoring site near the molecule.

The activation energy of 1.16 eV was obtained for the
detachment of the ad-atom to the nearest adsorption site
along the direction parallel to the dimer row towards atom Si3
(Pathway 2, see Fig.6). The movement in opposite direction
(attachment) requires activation energy of 0.52 eV. The
room

corresponding timescales for these processes at

temperature are estimated to be 8500h and 0.5ms,
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respectively. This is similar to Pathway 1 and from the two
processes described by Pathway 2 only the attachment of the
Pb adatom to the adsorption site near the molecule will lead
to the stable adatom configuration.

The activation energy of 1.90 eV was calculated for the
detachment of the ad-atom to the nearest adsorption site
along the direction parallel to the dimer row towards atom Sil
(Pathway 3, see Fig.6). The shift in opposite direction
(attachment) requires activation energy of 1.10 eV. The
corresponding timescale for these processes at room
temperature are estimated to be 2.3*10"°h and 840h,
respectively. Clearly, none of these barriers would be
accessible at room temperature. In conclusion in Configuration
A the diffusing Pb adatom on modified Si(001) at room
temperature will be trapped and readily adsorbed at the
anchoring site near the molecule.

Similar calculations performed for Configuration B, where the
anchoring site is located near the molecular nitrile group, leads
to considerably different results. The detachment of the Pb ad-
atom from this anchoring site to the nearest adsorption site
between the Si dimers across the dimer row is associated with
the activation energy of 0.50 eV. The reverse process
(attachment) requires the activation energy of 0.36 eV. The
estimated timescale for these processes at room temperature
are 250us and 0.5ns, respectively. The latter indicates that
there is not much preference for the attachment over
detachment processes as both barriers can be readily crossed
at room temperatures and both processes are very
competitive. Also, as the STM recording time is of the order of

minutes, none of these processes can be observed in STM.

Similar situation occurs when the Pb adatom is shifted along

8| J. Name., 2012, 00, 1-3
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the dimer row towards the Si8 atom (see Fig.6) — the activation
energies for detachment and attachment of the adatom along
this pathway were calculated to be 0.51 eV and 0.27 eV,
respectively. By contrast, the activation energies for the shift
of the Pb adatom along the dimer row towards atom Si6 (end
in opposite direction) were calculated to be 1.54 eV (1.42 eV).
Clearly, none of these barriers is accessible at room
temperature. In conclusion Configuration B cannot stabilize
the diffusing Pb adatom on Si(001) at RT and the ad-atom can
only be trapped by the molecule at the adsorption site near
Configuration A. Such spatial stabilization of the diffusing ad-
atom can initiate the one-dimensional aggregation of other ad-
atoms on the Si(100) surface as observed in experiment (see
also Refs.[1,2,10]). Analogous behavior was observed for
diffusing In adatoms on the modified Si(001) at RT [40]
indicating that similar behavior should also be observed for the
Al/Si(001) system.

Figure 7a presents the local density of states distributions
calculated for the Al ad-atom and two Si substrate atoms that
directly interact with the ad-atom in Configuration A. The
corresponding data obtained for the Pb ad-atom is shown in
Fig.7b.

The data in Fig.7 shows that the system with the Al ad-atoms is
metallic (Fig.7a) while the one with the Pb ad-atoms is
semiconducting (Fig.7b). Apart from that, the energetic
distribution and compositions of the characteristics LDOS
features are similar in both cases. Feature (a) is built up by the
py states of the ad-atom (Al or Pb) and the p, states associated
with the free Si atoms on the two Si dimers chemisorbed by

the phenyl ring (Sil and Si3 in Figs. 6a and 6b). The

corresponding charge distributions shown in Figs.8a and 8b,
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for the Al and Pb ad-atoms, respectively, demonstrate the
antibonding character of this combination of states. Peaks (b)
in Figs.7a and 7b are composed of the p, states of the ad-atom
(Al or Pb) and the p, states of the Sil and Si3 substrate atoms.
As shown in the charge distributions presented in Figs.8c and
8d for the systems with the Al and Pb ad-atoms, respectively,
the combination of these states leads to the bond formation
between the Al/Pb ad-atoms and the substrate. The LDOS
features with lower binding energies are built up by the s/p
states of the ad-atom and the Sil and Si3 atoms, and the
features with the lowest energies originate almost solely from
the s states associated with the ad-atom and the Si1/Si3
atoms.

The LDOS distributions associated with the Al and Pb ad-
atoms, and two Si substrate atoms interacting directly with the
ad-atom in Configuration B are shown in Figs.9a and 9b,
respectively. The data shows that both systems are
semiconducting. Feature (a) in LDOS for the Al-related system
(Fig.9a) is composed mainly of the p, states associated with the
ad-atom and the p,p, states of the Si atoms. The
corresponding charge distribution is shown in Fig.10a. LDOS
maximum (a) for the Pb-related system (Fig.9b) is built up
mainly by the p, states of the Pb ad-atom and the p, states of
the substrate atoms. The related charge distribution is shown
in Fig.10b. The data in Figs.10a and 10b indicates on the
antibonding nature of these states. This is similar to LDOS
features (a) of Figs.7a and 7b. However, as in Configuration B
the ad-atoms interact only with one unsaturated Si dangling
bond, the bonds between the ad-atoms and the substrate

atoms are considerably less symmetric than in Configuration A

— compare Fig.10b with Fig.8 b. or Fig.10c with Fig.8c.
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LDOS maxima (b) in Figs.9a and 9b are dominated by the p,
states of the ad-atoms (Pb or Al) and the p, states of the Si
substrate atoms. The interaction between these states leads to
the formation of two bonds linking the ad-atoms with the Si
atoms, as shown in the corresponding charge distributions of
Figs.10c and 10d. This is also similar to LDOS features (b) of
Figs.7a and 7b (see also Figs.8c and 8d) in Configuration A.
The main contributions to the LDOS features at lower binding
energies come from the s states of all of the interacting atoms.
The features with lowest energies are composed almost solely
of the s states associated with the ad-atom and two substrate
atoms, as it was the case in Configuration A.
The calculated electronic structure indicate that in both
Configurations A and B, there are ad-atom induced states in
the vicinity of the Fermi level that may be active in facilitating
the reactions with additional ad-atoms and the formation of
1D atomic chains. However, the calculated energetics suggests
that in Configuration B the relative binding energies of 0.12 eV
(Al), 0.21 eV (Pb) may be too small to prevent the ad-atoms
from diffusing on the surface at room temperature. Our
experimental data discussed in the next section confirms this
prediction showing that the enhanced reactivity of the
modified surface is retained for Configuration A only, as the 1-
D chains are formed on one side of the adsorbed molecule.
ii) Experimental studies.
The room temperature STM measurements were performed
for the Al and Pb atoms deposited at a very low coverage
(lower than 0.1ML) on the Si(001) surface modified by the
preadsorbed benzonitrile molecules. In each of the studied
cases the 1D atomic chains were observed to grow on the

modified surface.
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The STM images for the system with Al ad-atoms are shown in
Fig. 11. Clearly visible are the Al chains that run across the Si
dimer rows. The chains itself have a very low apparent height
so the molecule is clearly visible at the end of the chain - see
Figs. 11 (c) and (d). The Al chain-like structures pinned to the
benzonitrile molecule are also seen in the empty state STM
images (see Figs.11 a) and b)). Close inspection of the data
indicates that in most of the cases the grow of Al chains takes
place at the adsorbed molecule - the number of the Al chains
formed on the clean parts of the substrate (i.e. without
benzonitrile) is considerably lower. This observation supports
our earlier conclusion that preadsorbed benzonitrile increases
the local reactivity of the Si(100) substrate and the binding of
Al atoms to the substrate in the vicinity of the preadsorbed
molecules is much stronger than on clean Si(001). Also the
one-dimensional aggregation of the Al ad-atoms takes place
only in front of the molecular phenyl ring, as it is shown in
Fig.11 d. This indicates that only Configuration A is a precursor
for the Al chain growth on the modified Si(001) surface. These
results are entirely consistent with the study on the In/Si(001)
system [40].

The STM images obtained for the Pb/Si(001) system with the
preadsorbed molecules are shown in Fig. 12. Similarly to the
Al/Si(001) system, the Pb chains are formed on the surface and
run across the Si dimer rows. However, in contrast to the Al
chains, the adsorbed molecules have a considerably lower
apparent height than the Pb chains so the molecules to which
the Pb chains are attached, and the adjacent bare Si dimers,
are not clearly visible in the images. The empty state images
(see Figs.12d and 12e) clearly show, however, that the formed

chains ends by two different protrusions — one is the same as

10 | J. Name., 2012, 00, 1-3
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each segment within the chain while the other is clearly
smaller. The presence of the latter indicates that there is a
precursor for the Pb chain growth and that the chains growth
on one side of the activated site on Si(001). This is similar to
the Al/Si(001) system. Based on the results discussed in the
previous section we predict that the one-dimensional
aggregation of the Pb ad-atoms takes place in front of the
molecular phenyl ring, i.e, Configuration A is a precursor for

the Pb chain growth on Si(001) modified by the adsorbed

benzonitrle.

IV. Summary.

The adsorption of a single benzonitrile molecule and
subsequent adsorption of selected metallic elements (Al, Pb
and Ag) on the Si(001) surface was studied to clarify the effect
of both on the local, chemical activity of the modified
substrate.

It is shown that the phenyl ring of the molecule breaks the 1
bonds on two adjacent Si dimers and two unsaturated Si
dangling bonds are formed on the surface. The -CN functional
group of the molecule covalently bonds to one Si dimer on the
adjacent dimer row and leads to the formation of one
additional unsaturated Si dangling bond on the surface. The
distribution of these dangling bonds in the vicinity of the
adsorbed molecule defines two new active adsorption sites on
the modified Si(001) surface.

For the subsequent adsorption of metallic elements on
modified Si(001) it is shown that the binding energies of the
atomic adsorbates significantly increases when they are

located at the new adsorption sites near the adsorbed

molecule. This indicates that on modified Si(001), by pre-
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adsorbed molecule, the local chemical activity of the substrate
is enhanced at these new adsorption sites.
The calculated for the Ad-

electronic structures

atom/Molecule/Si(001) system for the stable adsorption
configurations indicate that in all studied cases there are
equally active electronic states near E; that may facilitate
favorable adsorption of additional metallic atoms and
formation of 1-D atomic chains on both sides of the adsorbed
molecule. However, the total energy calculations show that
the adsorption energies of the ad-atoms located near the -CN
group of the molecule may be not high enough to prevent the
ad-atoms from diffusing on the Si(001) substrate at room
temperature. Our experimental results support this prediction.
The STM data shows that at room temperature one-
dimensional aggregation of diffusing ad-atoms on the surface
with the pre-adsorbed molecule occurs only in front of the
molecular carbon ring. This means, based on our calculations,
that the enhancement of the substrate reactivity in the vicinity
of molecular -CN group is too small to stabilize the position of
diffusing ad-atoms on the Si(001) surface at room
temperature. These results are consistent with the data
reported earlier for In/Si(001) with pre-adsorbed benzonitrile
[40]. Our results demonstrate that atoms from group Il and IV
interact with the silicon substrate modified by the adsorbed
molecule, in a similar way. By contrast, the co-adsorption of
transition metal atoms (Ag) on modified Si(001) was concluded

to be different and such that would not lead to the formation

of 1D atomic chains.
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T and (b) empty state (U=2V, It =120 pA) STM images of the
benzonitrile molecule adsorbed on Si(001) at room
temperature; (c) a stick-and-ball model of the adsorbed
molecule imposed on the filled states STM image (U=-2V, It =

100 pA).

Benzonitrile
Adsorbate

Figure 2. (Colour online) (a) Top and (b) side views of the
benzonitrile molecule adsorbed on Si(001) in its most stable
configuration. Grey spheres represent the C atoms, blue
sphere the N atom, white spheres the H atoms, and brown
spheres the Si atoms. Only the first layer atoms of the Si(001)-

c(4x2) reconstructed surface are shown.
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Figure 3. The local density of states (LDOS) distribution
calculated of the benzonitrile molecule adsorbed on the

Si(001)-c(4x2) surface.

Figure 1. (Colour online) (a) Filled state (U=-2V, It = 100 pA)
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Figure 4. (Colour online) Charge density distributions of the
electronic states associated with the LDOS features (a), (b),

(e), (), (i) and (k) in Fig.3. —a), b), ¢), d), e), f) respectively.

Top and side views of each distribution are presented.
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Isosurface values: a) 0.035 e/A°, b) 0.017 e/A°, ¢) 0.041 /A,
d) 0.048 /4>, ¢) 0.014 /4%, ) 0.035 e/4°.

LDOS [arb.u.]

LDOS [arb.u.]
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Figure 5. (Colour online) Local density of states (LDOS)
calculated for (a) free ends of chemisorbed dimers ¢ and d in
Fig.2 (atoms Sil and Si) (b) free ends of dimers b and a in
Fig.2 (atoms Si8 and Si6), (c) ends at the same side of dimer
row of two adjacent bare dimers of clean Si(00), and (d)
charge density distribution calculated for the state at ~0.2 eV
below the Fermi level in LDOS shown in Fig.5a. Isosurface
value of 0.003 e/A°.

Configuration A : Configuration B : (c) ii Configuration A :

=9

(b) (c) ii Configuration B:

Figure 6. (Colour online) Top and side views of the relaxed
structures of the single ad-atoms (a) Al, (b) Pb, and (c) Ag
adsorbed on modified, by pre-adsorbed benzonitrile, Si(001).
The ad-atoms interact with two dangling bonds on the Si
dimers chemisorbed by the phenyl ring (Configuration A), and
with a single dangling bond on the Si dimer chemisorbed by
the N atom of the nitrile group (Configuration B). In the case of
the Ag ad-atom two alternative, stable adsorption structures
are shown. Only first layer of Si atoms is shown.
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Figure.7. LDOS distributions of the (a) Al and (b) Pb ad-atoms
and two Si substrate atoms (S1 and Si3 in Fig.6) interacting
directly with the ad-atom - Configuration A.

Figure 8. (Colour online) Configuration A: Charge density
distributions associated with LDOS features (a) and (b) of
Figs.7a for the system with the Al ad-atom — (a,c), and of Fig.7b
for the system with the Pb ad-atom — (b,d). Isosurface values:
a) 0.007 e/A%, b) 0.045 /A%, ¢) 0.017 /A%, d) 0.009 e/A>.

16 | J. Name., 2012, 00, 1-3

Journal Name

LDOS [arb.u.]
5

0.5

0.0—

25—
b ——Pb

20

LDOS [arb.u.]

Figure 9. LDOS distributions of the (a) Al and (b) Pb ad-atoms
and two Si substrate atoms (S6 and S83 in Fig.6) interacting

directly with the ad-atom - Configuration B.

Figure 10. (Colour online) Configuration B: Charge density
distributions associated with LDOS features (a) and (b) of
Fig.9a for the system with the Al adatom - (a,c), and Fig.9b for
the system with the Pb adatom — (b,d) Isosurface values: a)
0.008 e/A°, b) 0.007 /A3, c) 0.008 e/A%, d) 0.008 e/A>.
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Figure 11. (Colour online) STM images of the formation of the
Al chain-like structures pinned to the benzonitrile molecule: (a)
unoccupied states (U=2V, I, = 100pA), (b) zoomed-in on two
longer chains extracted from Fig.(a), (c) occupied states (U=-
2.2V, I, = 150pA), (d) zoomed-in on an isolated Al chain pinned
to the molecule - occupied states (U=-2.2V, |, = 150pA). The
positions of the molecule and the attached Al chain are
indicated by the dashed line and solid line rectangles,
respectively.

(b)
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Figure 12. (Colour online) STM images of the Pb chain-like
structures pinned to the benzonitrile molecule: (a) occupied
states (U=-2V, I, = 100pA), (b) isolated chain extracted from
Fig.(a), (c) unoccupied states (U=2.2V, |, = 120pA), (d) isolated
chain extracted from Fig.(c), (d) an isolated Al chain pinned to
the molecule - occupied states (U=-2.2V, I, = 150pA). (e)
isolated Pb chain-like structure hooked at the preadsorbed
molecule - unoccupied states (U=2.2 V, I, = 150 pA). The
positions of the molecule and the attached Al chain are
indicated by the dashed line and solid line rectangles,
respectively.

ARTICLE

a b [ d E.gs
2.35 2.45 2.40 2.43 259
T (21.17) (-17.95) (-9.41) (7.84)
$i(001) | 2 3 4 s 6 7 8 9 10 11
1.92 1.21 1.40 1.35 145 148 132 148 149 198 1.97
Table I. Upper panel: Calculated adsorption (binding) energy
(in eV) of the benzonitrile molecule adsorbed on clean Si(001)-
c(4x2) surface (last column). Bond-lengths in A and the
buckling angles in degrees (in brackets) of the bare (a) and
chemisorbed (b,c,d) Si dimers of the most stable configuration
of Fig.2. A positive buckling angle indicates that the atom on
the left is higher that on the right. Lower panel: Inter-atomic
distances within the chemisorbed molecule. Symbols (letters
and numbers) are the same as in Fig.2.
1 2 a b C d e f Eads
2.35 2.44 2.44 2.42
Config. | Al 255252 9119)  (17.97) (0.12) (0.67) ; ; 0.62
2.35 2.44 2.43 2.42
A ) ) . . )
Pb | 276 271 o1m)  (17.88)  (2.24) (1.48) 0.96
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Agli) | 236 236 (221.?150) (-5;:3) (giig) (ilgﬁ) : : 0.58
Aglii) | 243 245 (zzi.szss) (-ff?s) (.28'.188) (i:ig) (222.36‘15) (jﬁz) 0.64
A2 207 G0 L% em e ] ] 012
Config. | Pb | 271 276 (5132) . ff;‘g) (f;gi) (gzgz) - - 0.21
5 Agli) | 257 247 (125.3;7) (-fggzg) (-29'.3491) (gj;) : : 030
Agli) | 245 2.44 (22i.3;11) (-:65.315) (-3.3531) éﬁii) (-2223.;15) (11?2) 0.47

Table Il. Calculated relative adsorption energies (in eV) of the
Al, Pb and Ag ad-atoms in Configurations A and B with respect
to their binding energies on clean Si(001)- c(4x2) (last column).
The corresponding bond lengths (in A) and buckling angles of
the silicon dimers (in brackets; in °) interacting directly with
the ad-atoms are also given (denotation is the same as in Fig.6)
A positive buckling angle indicates that the atom on the left is
higher that on the right.
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