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One-Dimensional Ordered Structure of C2 H4 on a Si(001) Surface
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A one-dimensional (1-D) ordered structure of ethylene (C2 H4 ) molecules on a Si(001) surface
has been investigated by using coaxial impact collision ion scattering spectroscopy (CAICISS) and
computer simulations. In a previous paper, the di-σ on-top site of the Si(001)-(2 × 1) surface was
exposed at room temperature (RT) to 100L (1L = 10−6 Torr·sec)of C2 H4 molecules, which were
intially absorbed on that surface. With increasing number of C2 H4 molecules, a structural change
of C2 H4 /Si(001)-(2 × 1) surface was observed by using the low-energy electron diffraction (LEED).
When the Si(001)-(2 × 1) surface at RT to 200L of C2 H4 molecules, the C2 H4 molecules occupied
the di-σ on-top site on the Si(001)-(2 × 1) surface. With the help of a computer simulation, the C–C
and Si–C bond lengths were found to be 1.61 ± 0.05 Å and 1.81 ± 0.05 Å respectively. The C2 H4
molecules were also found to be adsorbed on the Si(001) surface on in tandem along the direction
of Si dimer-rows. This result provides evidence supporting the mechanism of 1-D nano-structure
formation based on the C2 H4 molecules on Si(001) surface.
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placing C atoms over one Si dimer, saturating the dangling bonds. In spite of the small-scale rearrangement
of the original Si surface atoms caused by the exposure
to C2 H4 molecules, a change in the local structure is observed clearly by STM [7,10]. In this change, the C2 H4
molecules on the Si(001) surface create small local p(2
× 2) or c(2 × 4) domains at low coverage. Furthermore, most low-energy electron diffraction (LEED) studies have observed only a small change with no additional
spots attesting to the reconstruction of the clean Si(001)
surface after exposure to C2 H4 molecules at RT. On the
other hand, we have observed a change in the LEED pattern dissimilar to STM results after exposure to 200 L
of C2 H4 molecules at RT. The (2 × 1) LEED pattern of
the initial clean Si(001)-(2 × 1) surface changed into a
(1 × 1) pattern after exposure to 200 L C2 H4 at RT.
Recently, the adsorption mechanism of C2 H4 on the
Si(001)-(2 × 1) surface as a function of exposure at RT
has been suggested in several studies. A high-resolution
photoemission study shows that the Si 2p core-level spectrum is assigned to the formation of two Si–C bonds

I. INTRODUCTION
C2 H4 molecules on the Si(001) surface have been the
subject of abundant investigations over a decade due to
potential applications in forming SiC films and in supplying an interface between organic molecules and the Si
substrate. In spite of numerous experimental and theoretical studies, the adsorption sites and the related bonding characteristics are still controversial [1–3]. In a previous paper, we reported that the C2 H4 molecules were
adsorbed at the di-σ on-top sites on the Si(001)-(2 × 1)
surface after exposure to 100 L (1 L = 10−6 Torr · sec) of
C2 H4 molecules at room temperature (RT) [4]. The di-σ
on-top structure of C2 H4 molecules on the Si(001) surface has been widely accepted as the reliable adsorption
structure among the two possible configurations, [5, 6]
which is supported strongly by scanning tunneling microscopy (STM) [7, 8] and theoretical studies [9]. This
di-σ on-top configuration makes two Si–C σ-bonds by
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per dimer as a result of ethylene adsorption. No evidence for carbide formation has been found from the C
1s spectrum [11]. The STM and photoelectron diffraction (PED) studies show that C2 H4 molecules do not
adsorb in tandem along the dimer rows at the saturation coverage of 0.5 ML [10]. Although a wealth of recent studies have suggested some reasonable models for
the C2 H4 molecules on Si(001)-(2 × 1) surface, the adsorption structure of C2 H4 molecules and the Si dimer
structure is still not be understood.
In this study, a reconstructed Si(001) surface formed
by C2 H4 exposure at RT has been studied by using coaxial impact collision ion scattering spectroscopy
(CAICISS) to elucidate the structure of C2 H4 molecules
adsorbed on the Si(001) surface after the exposure to
200 L of C2 H4 at RT. CAICISS [12, 13] is one of the
powerful tools for analyzing the atomic structure of a
crystal surface, and it is possible to detect neutralized
particles by using a time-of-flight (TOF) analyzer with a
micro-channel plate. In this technique, the total scattering angle of the backscattered particles is fixed at
nearly 180◦ in order to eliminate multiple scattering effects, therefore, it is easy to analyze the atomic structures by using the shadowing and focusing effects on
the basis of classical two-atom scattering. After confirming the adsorption of C2 H4 molecules on the Si(001)
surface with low-energy electron diffraction (LEED), we
performed CAICISS experiments at RT. To confirm the
results clearly, we performed computer simulations with
a two-dimensional trajectory counting method.
II. EXPERIMENT
All experiments were performed in an ultra-high vacuum (UHV) chamber having a base pressure of less
than 1 × 10−10 Torr. The chamber was equipped with
a CAICISS system, LEED optics, facilities for sample
heating, and a gas introduction system. The Si(001) substrates were cut from an n-type (P-doped) wafer with a
resistivity of 8 – 15 Ωcm. The sample was heated by
direct resistive heating, and the temperature was monitored with an calibrated infra-red optical pyrometer.
Surface cleaning was performed by flashing several times
at about 1200 ◦ C and annealing at about 800 ◦ C for
several tens minutes to obtain a sharp double domain
Si(001)-(2 × 1) LEED pattern. The adsorption of ethylene on the reconstructed Si(001) surface was performed
at RT with an expourse range of 200 L.
In the CAICISS measurements, a time-of-flight (TOF)
mode analyzer was used to measure the energy of He particles backscattered from the incident He+ beam. The
energy and the current of the primary ions were 3 keV
and 10 pA (1.8 × 1012 cm−2 hr−1 ), respectively, and the
measurement were finished within 4 hours, so the ion
dose for the measurement was less than the beam damage threshold of 1013 ions/cm2 and low enough not to
damage the sample surface. Thus, the surface damage

Fig. 1. LEED patterns of (a) the clean double-domain
Si(001)-(2 × 1) surface and (b) the reconstructed (1 × 1)
surface. The incident electron beam energies in (a) and (b)
are 57 and 58 eV, respectively. The reconstructed (1 × 1)
surface was obtained by the expose of 200L C2 H4 at the substrate temperature of RT for a defined period of time.

due to the probe beam was expected to be negligible. All
the CAICISS experiments were performed at RT.

III. RESULTS AND DISCUSSION
Fig. 1(a) shows the (2 × 1) LEED pattern of the initial clean Si(001)-(2 × 1) surface and (b) shows a (1 × 1)
pattern after exposure of 200 L C2 H4 at RT. This pattern became weaker with more diffusive spots and the
1
2 spots became fainter with increasing C2 H4 exposure.
No other patterns were observed at RT. Moreover, the
LEED pattern was dissimilar with the STM results after
an exposure of 200 L C2 H4 at RT [7, 10]. This observation is indicative of a more complex process, probably involving the adsorption sites of the C2 H4 molecules.
Since most parts of the LEED studies observed only a
small change with no additional spots, attesting to the
reconstruction of a clean Si(001) surface after the exposure to C2 H4 molecules at RT, the information about the
adsorption sites of the C2 H4 molecules in these respective conditions is essential to identify reasonable models
for the adsorption of C2 H4 molecules on Si(001)-(2 × 1)
surfaces.
The adsorption site of C2 H4 molecules on the Si(001)(2 × 1) surface can be determined by comparing the
polar scan curves of He particles backscattered by Si
atoms from clean Si(001) and 200 L C2 H4 /Si(001). Fig.
2 shows the low-incident-angle region for the polar scan
curves of He particles backscattered by Si atoms along
[110] direction of clean Si(001) surface (i) before and (ii)
after exposure to 200 L C2 H4 at RT. A comparison of
curves (i) and (ii) shows that the intensities of the peaks
at ∼10◦ , ∼18◦ , and ∼28◦ have clearly changed after exposure to C2 H4 while remaining peaks show no considerable change. In the CAICISS curve for clean Si(001),
there is a big and broad peak at the low-incident-angle
region. This peak is a superposition of five different subpeaks: The peak at ∼10◦ is induced by the focusing
effects between Si atoms in a dimer and another dimer
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Fig. 2. (a) The low incident angle region for the polar scan
curves of He particles backscattered by Si atoms along [110]
direction of (i) clean Si(001), (ii) 200L C2 H4 /Si(001), and (b)
Side view of the reconstructed Si(001) surface.

separated by 5.48 Å (denoted by A in Fig. 2(b)), the
peak at ∼14◦ is induced by the focusing effects between
Si atoms at the second layer in an unreconstructed vertical plane separated by 3.84 Å, the peak at ∼18◦ is induced by the focusing effect between Si atoms in a dimer
separated by 2.20 Å (denoted by B in Fig. 2(b)), the
peak ∼21◦ is induced by the focusing effect between Si
atoms at the second and the third layers in the unreconstructed vertical plane, and the peak at ∼28◦ is induced
by the focusing effect between Si atoms at the dimer
and the fourth layer in the reconstructed vertical plane
(denoted by C in Fig. 2(b)) [14,15]. The reductions of
the peak at ∼10◦ , ∼18◦ , and ∼28◦ can be explained by
the shadowing of the Si atoms due to the adsorbed C2 H4
molecules along the [110] direction. Therefore, the reductions of those three peaks imply that the adsorbed C2 H4
molecules are located at sites in reconstructed vertical
plane related to Si dimers. Generally, there are four possible on-top adsorption sites, namely, HB (bridge site),
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Fig. 3. (a) The azimuth scan curves of He particles
backscattered by Si at the incident angle of 10◦ for (i) clean
Si(001), (ii) 200L C2 H4 /Si(001) surface, and (iii) the difference of curves (i) and (ii). (b) Top view of the atomic configuration for the reconstructed Si(001) surface. The biggest
gray and the black balls are the dimerized Si atoms and the
C atoms of the C2 H4 molecules, respectively. The hydrogen
atoms are not represented.

HH (pedestal site), T4 (cave site), and T3 (valley bridge
site) [16]. Among these sites, the HB and the T4 sites are
in the reconstructed vertical plane and the T3 and the
HH sites are in the unreconstructed vertical plane when
viewed along the direction of the dimer row. Therefore,
from the reductions of peak intensities at ∼10◦ , ∼18◦ ,
and ∼28◦ , the adsorbed C2 H4 molecules can be seen to
occupy the HB and/or the T4 sites rather than the HH
or the T3 sites.
A comparison analysis of the azimuthal scan curve of
He particles backscattered by Si atoms for clean Si(001)
and 200 L C2 H4 /Si(001) should be considered in order to determine the preferred adsorption site in detail.
Fig. 3(a) shows the azimuthal scan curve of backscattered He particles from Si atoms at an incident polar
angle of 10◦ for (i) the clean Si(001), (ii) the 200 L
C2 H4 /Si(001), and (iii) the difference between curves (i)
and (ii). Fig. 3(b) shows the top view of the reconstructed Si(001)-(2 × 1) surface. After the adsorption of
200 L C2 H4 on Si(001), one can see from the difference
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Fig. 5. Schematic diagrams of the adsorption structure
proposed for C2 H4 on the Si(001); (a) paralleled di-σ ontop, (b) perpendicular di-σ on-top, (c) mixed di-σ on-top
and (d) random di-σ on-top. The biggest gray and the
black balls are the dimerized Si atoms and the C atoms of
the C2 H4 molecules, respectively. The hydrogen atoms are
not represented. (e) The polar scan curves of He particles
backscattered by Si atoms along [110] direction of (i) 200L
C2 H4 /Si(001), (ii)-(v) correspond to the simulations with the
sites (a)-(d).
Fig. 4.
(a) The polar scan curves of He particles
backscattered by Si atoms along [110] direction of (i) 200L
C2 H4 /Si(001), (ii) correspond to the simulations with the
di-σ on top site. (b) The polar scan curves of He particles
backscattered by Si atoms along [100] direction of (iii) 200L
C2 H4 /Si(001), (iv) correspond to the simulations with the
di-σ on top site.

curve of (iii) in Fig. 3(a) that new peaks around 15◦ and
30◦ appear with the valley at 35◦ . If C2 H4 molecules
are adsorbed at the T4 site, the valley at 35◦ should be
changed into a peak due to the focusing effect by C2 H4
molecules located on T4 sites because the azimuthal angle between the T4 site and the Si atoms in a dimer
(denoted by γ in Fig. 3(b)) is 35.5◦ . On the other hand,
the new peaks at 15◦ and 30◦ can be explained by the focusing effect on the Si atoms in a dimer due to the C2 H4
molecules adsorbed at the on-top HB site because the
azimuthal angle between the HB site and the Si atoms
in a dimer (denoted by β in Fig. 3(b)) is 30.7◦ . The
C2 H4 molecules adsorbed at this site may also induce a
focusing effect on the Si atoms in a dimer because the
azimuthal angle between the HB site and Si atoms in a
dimer (denoted by α in Fig. 3(b)) is 15.9◦ . Thus, we
can suggest that the C2 H4 molecules occupy HB sites
preferentially rather than T4 sites after the adsorption
of 200 L of C2 H4 molecules at RT. This implies that
C2 H4 molecules occupy a single adsorption site for 200 L
C2 H4 /Si(001) surface with adsorption on the di-σ on-top
site [4,10].
Computer simulations based on a two-dimensional
trajectory counting method were performed with the
Thomas-Fermi-Moliere (TFM) potential [17] and screening constant factors of Csi = 0.7 and Cc = 0.67 to support the above suggestions. Since the Si(001) surface is
a double domain Si(001)-(2 × 1) with to domains perpendicular to each other, we assumed that the 200 L

C2 H4 /Si(001) surface had the same ratio of domains in
all computer simulations. Fig. 4(a) shows (i) polar scan
curves of He particles backscattered by Si atoms along
the [110] direction of the Si(001)-(2 × 1) surface after
exposure to 200 L of C2 H4 at RT and (ii) the simulation
of the di-σ on-top configuration along the [110] direction
of the Si(001)-(2 × 1) surface. Fig. 4(b) shows (i) polar scan curves of He particles backscattered by Si atoms
along the [100] direction of the Si(001)-(2 × 1) surface
after exposure to 200 L of C2 H4 at RT and (ii) the simulation of the di-σ on-top configuration along the [100]
direction of the Si(001)-(2 × 1) surface. As Fig. 4 shows,
the experimental results are in good agreement with the
computer simulations. Therefore, we propose that the
C2 H4 molecules are adsorbed on the di-σ on-top site.
From the best fit simulation results, the C–C, C–Si, and
Si–Si dimer bond lengths in the Si(100) surface exposed
to 200 L C2 H4 at RT were found to be 1.61 ± 0.05 Å,
1.81 ± 0.05 Å, and 2.35 ± 0.05 Å, respectively. These
values are essentially the same as those for a 100 L C2 H4
exposure [4].
In order to clarify the growth structure of C2 H4
molecules on a Si(001) surface after exposure to 200 L of
C2 H4 at RT, we employed computer simulations for the
well-known models, as shown in Figs. 5(a)-(d), for parallel di-σ on-top, perpendicular di-σ on-top, mixed di-σ
on-top, and random di-σ on-top configurations, respectively [10]. Fig. 6 shows the polar scan curves of He particles backscattered by Si atoms along the [110] direction
of the Si(001)-(2 × 1) surface (i) after exposure to 200 L
of C2 H4 at RT. The simulation curves (ii)-(v) in Fig. 6
correspond to the simulations with the models shown in
Figs. 5(a)-(d), respectively. The simulation results show
that the parallel di-σ on-top structure provides the best
fit of all the models when compared with our experimen-
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in tandem along the direction of Si dimer-rows, which
provides an evidence supporting the mechanism of 1-D
nano-structure formation based on the C2 H4 molecules
on a Si(001) surface with di-σ on-top sites.
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Fig. 6. The polar scan curves of He particles backscattered
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(ii)-(v) correspond to the simulations with the structures (a)(d) in Fig. 5.
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