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We investigated the adsorption and desorption characteristics of benzene molecules on Si(001)-2xn surfaces using
a variable-low temperature scanning tunneling microscopy. When benzene was adsorbed on a Si(001)-2xn surface at
a low coverage, five distinct adsorption configurations were found: tight-binding (TB), standard-butterfly (SB), twisted-
bridge, diagonal-bridge, and pedestal. The TB and SB configurations were the most dominant ones and could be rever-
sibly interconverted, diffused, and desorbed by applying an electric field between the tip and the surface. The population
ratios of the TB and SB configurations were affected by the benzene coverage: at high coverage, the population ratio of
SB increased over that of TB, which was favored at low coverage. The desorption yield decreased with increasing ben-
zene coverage and/or density of vacancy defect. These results suggest that the interaction between the benzene molecules
is important at a high coverage, and that the vacancy defects modify the adsorption and desorption energies of the
benzene molecules on Si(001) surface.
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Introduction

Research into the attachment of organic molecules to Si
surfaces' has intensified because of the potential applications
of these systems in the construction of organic-silicon hybrid na-
nostructures for use in advanced molecular electronics, biosen-
sors, and optical devices. For this reason, the chemisorption of
organic molecules on Si surfaces has been examined in numer-
ous theoretical and experimental investigations. In the construc-
tion of organic-silicon hybrids, molecular coverage on the Si
surface is one of the crucial factors determining electronic de-
vice functions. Electronic property of organic molecular film
devices varies with molecular packing pattern and the electric
carrier mobility. In addition, vacancy defects on the Si surface
should play important roles in determining the quality and func-
tion of the organic molecular devices, because they can be more
reactive than clean Si or may determine the whole surface mor-
phology of the Si surface.” For more realistic applications,
knowledge of the binding structures of organic molecules on Si
surfaces as a function of coverage and defect density is therefore
important to develop organic hybrid nanostructures.

The adsorption of benzene on Si substrates is of great interest
as a model system for studying the molecular adsorption of
hydrocarbons on semiconductor surfaces and because this sys-
tem is considered as a promising precursor for technologically
relevant processes, such as the chemical vapor deposition of
diamond films on Si surfaces. Many experimental and theore-
tical studies have been reported on the adsorption mechanism
of benzene on Si(001),”"" Si(111)," and Si(5 5 12)" surfaces.
While no complete experimental determinations have been
made of the local chemisorption structure of benzene on Si(001),
a number of different geometries have been proposed by a

variety of techniques including thermal desorption spectroscopy
(TDS),4’5 high-resolution electron energy loss spectroscopy,4
ultraviolet photoelectron spectroscopy (UPS),” near-edge x-ray
absorption fine structure (NEXAFS),’ high resolution photoe-
mission spectroscopy,7 and scanning tunneling microscopy
(STM).&Q’B'17 Several studies using STM and theoretical cal-
culations®"” claim that benzene on Si(001)-2x1 is initially ad-
sorbed in the standard-butterfly (SB) configuration and then
quickly adopts the tight-binding (TB) configuration, which is
more energetically stable. Taking into account the reported acti-
vation energies for this conversion-and the relative stabilities
of the two configurations-complete conversion to the TB con-
figuration would be expected relatively quickly. However, other
studies using NEXAFS and UPS concluded that only the SB
configuration is present on the surface as a major and stable
species. "' A different, first-principles calculations based on clu-
ster models supported this conclusion.'” Many aspects of the
local structure of adsorbed benzene on Si(001)-2x1 at high
coverage also remain unclear.

Such discrepancies can be due to two possibilities. (i) The
STM and conventional ensemble-averaged spectroscopy studies
focused on the very initial and the saturated coverage, respec-
tively. (ii) The STM studies must be conducted at very low de-
fect density while the defect density is hardly defined on the en-
semble-averaged spectroscopic studies. Therefore, the cover-
age- and/or defect-dependent change of the adsorption charac-
teristics observed here may reconcile the apparent discrepancies
between the previous studies. On the Si(001)-2xn surface, we
found five types of adsorption configurations of benzene mole-
cules. Their relative population ratios, as well as the intermole-
cular-conversion and desorption processes, were studied using
STM. These characteristics were found to differ from those of
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the Si(001)-2x1 surface. The population ratio changed upon in-
creasing the benzene coverage, and the desorption yield decre-
ased with increasing benzene coverage and defect density.

Experimental

When a Si(001) substrate is contaminated with a very small
amount of N, it is reconstructed to a 2xn structure,” which has
many di-vacancy defects and short Si-dimer rows. The Si(001)
samples employed in this work were slightly contacted with a
Nirod and then ultrasonicated with ethyl alcohol. After degas-
sing overnight at 700 °C in a UHV system (with a pressure below
1x10™"° Torr), clean Si samples were prepared by repeated
cycles of 500 eV Ne'-ion sputtering and flashing at 1450 K.
We found that excessive surface roughening occurred if the
vacuum pressure exceeded 3x 10 Torr during flashing at 1450
K. To maintain the pressure below 3% 10” Torr during flashing,
the heater and the sample holder had to be heavily degassed
before flashing. After flashing, the sample was rapidly cooled
to 1200 K, and then to room temperature at a rate of 2 K/s for
surface reconstruction. The cleanliness of the samples was con-
firmed using our home-made, variable-low temperature STM
equipment.zo’21 The base pressure of the vacuum chamber was
below 2x10 " Torr. Benzene (Aldrich) was purified by several
freeze-pump-thaw cycles before being dosed onto the Si surface
at room temperature through a leak valve equipped with a micro-
capillary-array-filled tube for uniform adsorption on the surface.
The use of the microcapillary-array doser minimized the in-
crease of chamber background pressure during dosing. STM
characterizations were performed either at room or low tempe-
ratures. Electrochemically etched tungsten tips were prepared
in the heater by means of repeated cycles of self-sputtering by
field emission in a Ne atmosphere and heating in a strong
electric field.

Results and Discussion

Adsorption configurations of benzene. Benzene molecules
were adsorbed on the Si(001)-2xn surface at room temperature,
and the resulting surface was investigated with STM. Figure |
shows representative STM topographical images (filled-state)
obtained after benzene adsorption. By comparing this image
with that of a clean surface, the several features in the image
were attributed to adsorbed benzene molecules. The depression
features (red) indicate Si vacancy defects. The benzene features
can be classified into five different configurations according
to their appearance, labeled a to e. The number of features
increased with the exposure to benzene, which verified that
they correspond to adsorbed molecules. The benzene features
appeared mainly along the Si-dimer rows, and no preferential
adsorption of benzene molecules was observed on the defects.
Figure 2 shows magnified STM images of benzene features.
Feature a appeared as symmetrically elongated protrusions
along the [110] direction in the filled-state image. Feature a was
the highest protrusion, being slightly higher than feature b in the
topographical image. Feature b appeared as asymmetrically
elongated protrusions along the [110] direction. In the empty-
state image (not shown), these features also appeared as protru-
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Figure 1. STM topographical images of benzene molecules adsorbed
on Si(001)-2xn. Images (a) and (b) show different areas of the same
surface. The images were obtained at a sample bias of —1.5 V and a
tunneling current of 0.5 nA. Five types of features (i.e., a, b, ¢, d, and e)
are observed in the images.
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Figure 2. (a)~(e) Magnified STM images of features a, b, ¢, d, and e
in Fig. 1. Lines and circles in images indicate Si substrate structures.
(f) The arrangement of Si dimers in the 2x1 reconstruction of Si(001).
The up- and down-pattern of Si dimer atoms is not included.

sions, but the elongation was slightly reduced. Moreover, the
features corresponding to ¢, d, and e were lower than those cor-
responding to features @ and b. Features ¢ and d were not sym-
metric with respect to the [110] direction. The topographical
height of feature e was the lowest and slightly lower than that
of Si dimer row. The adsorption positions were determined by
filled- and empty-state images and cross-sectional cuts along
the dimer row, to reveal that the highest protrusions (@) corres-
ponded to benzene molecules adsorbed on a Si dimer, whereas
the other protrusions (b~e) corresponded to molecules adsorbed
near the bridge site between adjacent dimers.

Many adsorption configurations of benzene on Si(001)-2x1
have been proposed based on various experimental and theor-
etical studies.”” Such configurations can be categorized into
two groups: those bonded to a single Si dimer and those bonded
to two adjacent Si dimers. In all cases, the bonding between the
carbon and Si atoms is believed to be of 6 character, which re-
moves the aromaticity of the benzene ring. Two bonding confi-
gurations belong to the first group, referred to as SB and tilted
configurations. In the SB configuration, the interaction with the
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Figure 3. Schematic diagrams of the adsorption structures of benzene
molecules giving rise to features a (a) and b (b). The large gradient,
medium black, and small green circles represent silicon, carbon, and
hydrogen atoms, respectively. Di-vacancy defects are not shown in
the diagrams.

dimer occurs through the C(1) and C(4) atoms of the benzene
ring; here, two double bonds are retained. The tilted configura-
tion is formed through the interaction of two adjacent C atoms
from the benzene ring with the dimer; the plane of the molecule
is thereby tilted away from the surface. Several configurations
have been proposed to describe the bonding with the adjacent
Si dimers. In the pedestal form (P), the C(1), C(2), C(4), and
C(5) atoms bond to adjacent Si dimers and the plane of the
molecule is flat and parallel to the surface. No & bonds remain
in this case. The TB and twisted-bridge (TwB) species both
involve bonding of the C(1)-C(4) atoms with the Si dimers
and retain one C = C bond with its axis parallel to the surface.
These species are azimuthally rotated (by 90°) with respect to
each other. The mirror plane is perpendicular to the dimers in
the case of TB and parallel to them in the case of TwB. The
diagonal-bridge-butterfly (DBB) species is similar to the SB
species in that only the C(1) and C(4) atoms of the benzene
ring are involved in the surface bonding. However, the two Si
atoms are in different dimers.

Taking into consideration the previous studies”'’ and the
symmetry of the STM features in Figs. 1 and 2, feature b [Fig.
1(a)] was assigned to the TB configuration [Fig. 3(b)] whereas
feature @ was assigned to the SB configuration [Fig. 3(a)]. The
different protrusion heights of features a and b was attributed
to the inducement of the protrusions in the STM images by the
high electron density of states.'*'"” Features c, d, and e were as-
signed to the TwB, DBB, and P configurations, respectively. At
this benzene coverage, features @ and b had the most dominant
population distributions, suggesting that these states are energe-
tically and/or kinetically more favorable than the others. The
population distributions of features c~e were below 11%.

DFT calculations" revealed a higher adsorption energy of
1.47 eV for TB than that of SB (1.12 eV) on a Si(001)-2x1
surface. The fractional occurrences of features @ and b in the pre-
sent work were about 19% and 70%, respectively, at a very low
benzene coverage. These values were consistent with the calcu-
lation results. Room-temperature STM and infrared spectro-
scopy results for benzene on a Si(001)-2x1 surface indicated
that the aromatic compound was initially chemisorbed in the
SB form (as a metastable state) and then slowly converted to the
lower-energy TB state (as the final state).14 However, the in-
frared experiments6 suggested that benzene is predominantly
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Figure 4. Conversion of the adsorption configuration of benzene on the
Si(001)-2xn surface. The feature b configuration in (a) is converted to
feature a in (b) after scanning the same area at a tunneling current of 0.1
nA and a sample bias voltage of —1.8 V. Each feature a in (b) is con-
verted to a feature b after scanning the area using the same tunneling
conditions. The STM images were obtained at a tunneling current of 0.5
nA and a sample bias voltage of —1.5 V.

adsorbed in the SB configuration on the Si(001)-2%1 surface at
room temperature, with only a small portion of the molecules,
which was probably the TB configuration.

Field-induced conversion and desomption of benzene. The
benzene molecules exhibited the ability to switch between fea-
tures @ and b when a high sample bias voltage was applied in
the STM junction. Figure 4(b) displays the surface shown in
Fig. 4(a) after scanning the area at a sample bias of —1.8 V and
a tunneling current of 0.5 nA. This scanning procedure caused
feature b [found inside the circle of Fig. 4(a)] to be converted
into feature a [shown in Fig. 4(b)]. When the area was scanned
again using the same tunneling conditions, all of the feature a
spots were converted into feature b spots [see Fig. 4(c)]. No
preferential conversion direction was observed between these
states at a sample bias of =1.8 V and a tunneling current of 0.5
nA. This intermolecular conversion was not, however, observed
when scanning using sample bias voltages below 1.5 V at a
tunneling current of 1.0 nA. The conversion efficiency depended
only on the sample bias voltage, with negligible effect being
exerted by the tunneling current (0.1 ~ 10 nA). The voltage
barrier for conversion measured at room temperature is very
similar to those obtained at low surface temperatures of 80 and
115 K, revealing the small thermal contribution to the conver-
sion. In a previous STM study of benzene adsorbed on Si(001)-
2x1," the irreversible conversion from the SB to the TB confi-
guration was observed at room temperature, with the activation
barrier for the conversion being about 1 eV, which was con-
firmed by theoretical calculations.'

During an STM scan of a surface on which benzene molecules
are adsorbed, the tip-sample field causes the benzene molecules
to desorb. Figure 5(b) shows the same surface as that in Fig. 5(a)
after scanning the area at a sample bias of 2.5 V and a tunneling
current of 0.5 nA. The application of this high sample bias
voltage caused the desorption of almost all benzene molecules.
In some cases, rather than being desorbed, the benzene mole-
cules diffused across the Si surface or hopped between the tip
and the surface. The remaining feature a, shown in Fig. 5(b),
was not observed in Fig. 5(a), which suggests that this feature
may have been produced by such as diffusion or hopping or
conversion processes. The desorption yield (probability per
electron) is measured by counting the fraction of molecules
that are desorbed after scanning at a given bias voltage. This
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Figure 5. Desorption of benzene molecules from the Si(001)-2xn
surface. (a) STM image of benzene molecules adsorbed on the
Si(001)-2xn surface. Scanning at a sample bias voltage of 2.5 V and
a tunneling current of 1.0 nA caused the desorption of most of the
benzene molecules (b). The images were obtained at a sample bias
voltage of —1.5 V and a tunneling current of 0.5 nA.
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Figure 6. Relative population ratio of benzene configurations as a
function of the total surface concentration. The lines connecting the
points are guides for the eye.

fraction is employed to extract the desorption yield using the
measured area of a single benzene molecule and the known
tunneling current going through the tip. In our study, the rate
of desorption depended strongly on the sample bias voltage
but was less sensitive to the tunneling current (0.1 ~ 10 nA). For
example, no distinct changes in desorption rate were observed
at the tunneling current of 0.1 ~ 10 nA and a sample bias of
—2.5 V. The desorption yield increased to 10 (from about 10"
at —2.0 V) at a sample bias voltage of 2.5 V and a tunneling
current of 1 nA, suggesting that the desorption process may
involve a field-induced lowering of the activation barrier. The
desorption rate determined in the present work was lower than
that obtained on Si(001)-2x1 (10'6) at 22 K," indicating the
stronger binding of benzene on the defected surface [Si(001)-
2xn].

Coverage-dependent adsorption and desorption of benzene.
The relative population ratio between features @ and b was affec-
ted by the benzene coverage. Figure 6 shows the relative popu-
lation as a function of the total coverage (i.e., of the number of
molecules per unit area), which was obtained by counting over
2,000 benzene molecules. At very low coverage, feature b was
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Figure 7. (a) and (b) STM topographical images of high- benzene-
covered Si(001)-2xn surfaces The scan area is (a) 11.5 x 11.5 nm’
and (b) 22.5 x 22.5 nm”. (c) Desorption yield as a function of (c)
benzene coverage and (d) density of di-vacancy defect. The yields in
(c) were measured at a sample bias voltage of 2.6 V and a tunneling
current of 1 nA at the defect-density of 0.25 ~0.35 nm”. The yields in
(d) were measured at a sample bias voltage of 2.4 V and a tunneling
current of 1 nA at the coverage range of 0.2 ~ 0.3 nm”.

dominant on the surface, as shown in Figs. 4 and 5. Upon in-
creasing benzene coverage, the amount of feature a tended to
increase. At high coverage, the majority of species changed to
feature a (see Fig. 7). Most of the change had occurred at a cover-
age of approximately 0.1 nm .

The coverage-dependent change of the adsorption feature was
similar to the previous TDS* and high resolution photoemis-
sion’ studies, which showed two spectral peaks for the chemi-
sorbed benzene molecules, depending on the coverage. These
results demonstrated that only the adsorption species with a high
desorption temperature appeared at low coverage, whereas the
species with a low desorption temperature grew with increasing
coverage.‘"5 The adsorption species with a higher desorption
temperature was attributed to chemisorbed molecules with a
stronger benzene-Si interaction, which were considered to be
related with the TB adsorbates.

The configuration of a chemisorbed molecule is usually de-
pendent on its coverage on metal surfaces.” This is explained
as the result of the interplay between the substrate-molecule
and molecule-molecule interactions. The configuration is deter-
mined primarily by substrate-molecule interactions at low cover-
age, but may change due to the increasing importance of mole-
cule-molecule interactions at high coverage. The coverage in
the present work was, however, extraordinarily low, correspond-
ing to approximately one molecule per 10 nm”, which renders
direct intermolecular interactions an unlikely driving force for
the configuration change. Instead, an indirect, substrate-medi-
ated interaction is probably involved in destabilizing the TB
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configuration. Since the structure of the Si surface dimers is
maintained, an indirect interaction may take place through the
strain field on the substrate.” A subtle change of the surface
strain field in the neighboring site of a benzene molecule should
be introduced. Such interactions can also change the thermody-
namics or kinetics of the molecular adsorption. For example,
the conversion from the SB to the TB configuration may be
more favorable due to steric hindrance (as shown in several STM
studies performed on very low-covered Si(001)-2x1 surfa-
ces),g’13 but the energy barrier between the two configurations
could be affected by direct or indirect adsorbate-adsorbate in-
teractions at high coverage. Direct evidence for this mechanism
is still lacking, but it is clear that a molecule-molecule inter-
action should be required to explain the observed transition.

When nearly all Si dimers were covered with benzene mole-
cules [very high coverage, see Fig. 7(b)], these benzene struc-
tures were very stable. No significant conversion or desorption
was observed, even at sample bias voltages as high as+3 V. This
stability of the highly covered benzene surface also revealed
the existence of molecule-molecule interactions. Figure 7(c)
shows the desorption yield of benzene measured as a function
of surface coverage. The yield decreased with increasing cove-
rage, indicating the existence of molecule-molecule interac-
tions.

The effect of vacancy defects on benzene desorption. Above
observations on Si(001)-2xn surface, which are different from
those on low-defected Si(001)-2%1, indicate that many vacancy
defects certainly changes the adsorption and desorption dyna-
mics of benzene molecules. In other words, the surface potential
energy is modified by the vacancy defects over a large area,
which changes the adsorption and desorption energy of benzene.
The higher conversion barrier between the two configurations
and the lower desorption rate indicate that vacancy defects
lead to a stronger binding of benzene on Si(001)-2xn than on
Si(001)-2x1. Figure 7(d) shows the desorption yield measured
as a function of the density of vacancy defect. The yield de-
creases with increasing defect density, indicating that the defects
make the benzene binding much stronger on Si. The high-cove-
rage benzene structure along the short Si-dimer row may be
stabilized by vacancy defects at both ends as well as by long-
range intermolecular interactions. It was not possible to find
any correlations of the adsorption fraction and desorption proba-
bility with the distance from the defects because a high sample
bias voltage can induce conversion and diffusion as well as de-
sorption.

Conclusions

The adsorption and desorption characteristics of benzene
on a Si(001)-2xn surface were investigated by STM. We identi-
fied five types of adsorption feature and found that the TB and
SB configurations were the most dominant ones. A sample bias
field induced reversible conversion between the two configura-
tions as well as the desorption of benzene molecules from the
Si(001)-2xn surface. The desorption and conversion barriers of
benzene on the Si(001)-2xn surface are relatively higher than
those on Si(001)-2x1. The desorption efficiency decreased with
increasing surface coverage and vacancy defects. From the po-
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pulation variation of the two benzene species and the stability
of the high-coverage surface, we concluded that the adsorption
geometries of chemisorbed benzene vary from the TB confi-
guration at the initial stage of coverage to the SB configuration
at the quasi-saturation coverage, which we attributed to mole-
cule-molecule interactions. Our finding of the coverage- and
defect-dependent adsorption and desorption behavior of ben-
zene may explain the discrepancy in reported findings between
the microscopy and ensemble-averaged spectroscopy studies.
While most of the previous STM studies investigated the very
low-coverage adsorption behavior on surfaces with few defects,
where the energetically stable TB structure prevails, most of
the ensemble-averaged spectroscopy studies focused on the
high-coverage regime with less defined defect density, where
the SB structure dominates.
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