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Abstract

By means of scanning tunnelling microscopy and spectroscopy, we have investigated the
electronic structure of Bi nanolines on clean and H-passivated Si(100) surfaces. Maps of the
local density of states (LDOS) images of the Bi nanolines are presented for the first time. The
spectra obtained for nanolines on a clean Si surface and the LDOS images agree with ab initio
predicted spectra for the Haiku structure. For nanolines on a H-passivated surface, the spectra
obtained suggest that the Bi nanoline may locally pin the surface Fermi level, and the LDOS
images taken at low bias show a distribution of states different to what was expected at the Bi

nanolines. The results are discussed with respect to use of the nanolines as atomic wire

interconnections.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In the last decade, considerable scientific attention has been
focused on structures with two or all three spatial dimensions
on the scale of single nanometres. While the assembly of
various such structures has been investigated [1], it is mostly
impractical due to the extreme time consumption of such
processes. On semiconductors, nano-scale structures can be
grown in mass numbers using surface irregularities such as step
edges, anisotropic strain fields or growth kinetics. (Nanodots
and nanowires created this way are now one of the most studied
systems.)

Bismuth lines on the Si(100) surface have attracted a lot of
attention. Unlike most other systems, Bi lines have a constant
width of 15 A, are perfectly straight, with practically no kinks
or defects, can grow more than 1 um long and their growth
is not inhibited by step edges [2—4]. Examples are shown in
figures 1(a) and (b). The structure of the nanoline is explained
by the generally accepted Haiku model, shown in figure 1(c).
In this model, the basic unit cell comprises two Bi dimers,
underneath which the Si surface is reconstructed into 5- and
7-membered rings [3], hence the name ‘Haiku’. This structure
is energetically more favourable by more than 0.37 eV/Bi
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dimer than other proposed structures and is the only model
which agrees with all the scanning tunnelling microscope
(STM) observations, particularly the electronic contrast at
low voltages [5]. The reconstruction of the underlying Si
atoms in this model also explains why there are practically no
kinks on the nanolines and why they do not grow together or
sideways [3].

Two different electronic contrast effects are seen on the
Bi nanoline in STM images on the clean surface. First, at
biases within circa £1 eV, the Bi nanolines appear darker
than the surrounding Si surface but brighter at higher biases.
Density functional theory (DFT) calculations of different Bi/Si
structures indicate that at low biases, the density of states on the
Bi dimers is very low compared to the surrounding Si surface,
hence causing the change of contrast [5, 6]. Secondly, the Si
dimers adjacent to a Bi nanoline appear enhanced (brighter) in
STM images. The enhancement effect has been explained by
DFT calculations as a result of strain of the atoms immediately
surrounding the Haiku structure [5]. Passivation of the Si
surface with hydrogen is reported to have no effect on the Bi
nanoline [7], although in large doses, atomic H can remove
the Bi dimers [8]. A recent ab initio calculation suggested
that Bi nanolines on the H-terminated Si surface should be

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Bi nanolines on (A) clean and (B) H-passivated Si(100). /; = 0, 1 nA; Uy = —1, 8 V. Model of Haiku structure on (C) clean and
(D) H-passivated Si(100) surface. Arrows mark positions where STS spectra were measured. Blue circles refer to Si, larger black circles refer

to Bi, and open circles to H.

more suitable for application as atomic wires, since there
is no current leakage from the nanoline to the substrate at
low biases [9]. On both clean and H-terminated Si surfaces,
Bi nanolines are reported to be semiconducting [10, 11].
The electronic structure of the Bi nanolines has been studied
by Miwa, McLeod and Belosludov [9-11] by ab initio
calculations, but no experimental paper has been published
on this topic. In this paper, we present the first scanning
tunnelling spectra (STS) and local density-of-states (LDOS)
images of Bi nanolines on clean and H-terminated Si surfaces.
The results are discussed with respect to the published ab initio
calculations. We will show that for the clean Si surface,
the predicted tunnelling spectra agree with measured spectra,
but on the H-terminated surface the spectrum is different.
Furthermore, our data explain the bias-dependent contrast of
the Bi nanolines.

2. Experimental details

The Si(100)-2 x 1 reconstruction was prepared in vacuo by
flashing a boron-doped Si(100) sample with resistivity 0.01—
0.1 © cm several times to 1200°C in a base pressure better
than 3 x 1078 Pa. The condition of the surface was checked
before deposition. Bi was evaporated from an effusion cell
typically at 470 °C for 15 min, while the surface was kept at
a little lower than 600 °C. After evaporation, the surface was
kept at elevated temperature for another 15 min before cooling
down to room temperature (RT). Passivation of the surface
by atomic hydrogen was achieved by exposing the surface to
1000 1 of hydrogen of 99% purity, dissociated to single H
atoms by a hot filament. Measurements were conducted using
a JEOL 4500 XT UHV STM. An electrochemically etched
tungsten tip was cleaned in sifu by electron bombardment and
treated on a Pt crystal before each measurement to ensure
the metallicity of the tip. Reproducibility was verified using
different tips. The STS spectra and LDOS mapping were
obtained by lock-in detection (d//dV)/(I/V). STS spectra
were measured with the feedback loop open, the tip—sample
distance was determined by setting V; = —2.0 V and [, =
0.1 nA before opening the loop. Each presented spectrum is
an average of 10-20 spectra obtained at different equivalent

positions on the sample, in an area without any observable
surface defects. The Bi nanoline was scanned at various
voltages before choosing a site for the STS measurement to
make sure that there was no contamination on the nanoline
or in its proximity. The position of peaks in the spectra did
not vary between individual experiments, though their width
and/or height did vary slightly. The condition of the tip was
checked during experiments by taking reference spectra of
the clean Si substrate. The presented LDOS images were
obtained using slightly different set-point currents to achieve
the best image resolution and tip stability. The modulation
frequency was 961 Hz and the amplitude was 30 mV. Images
were obtained in constant current mode because of the height
difference between the Si substrate and Bi nanolines. A small
loop gain was selected so that the modulation would not affect
the feedback loop.

3. Results and discussion

On the clean Si surface, the STS spectrum shows the
commonly observed silicon peaks at —1.7 eV, —0.85 eV
(originating from the dangling bond 7 states), 40.45 eV
(originating from the anti-bonding 7 * states), 1.5 and 1.9 eV
(mixed states related mainly to backbond orbitals with
contributions from 7* and o orbitals [12]). After passivation,
the peak at +0.45 eV and other smaller states near the Fermi
level disappeared, since the dangling bonds became saturated
with H atoms. The +1.5 and 41.9 eV states do not change, but
the —0.85 and —1.7 eV states are moved to —1.3 and —2.1 eV.
This peak shift can be explained by tip-induced band bending
as follows: on the p-type clean Si(001)-2 x 1, tip-induced
band bending is limited by the valence band maximum (VBM)
and the 7* state to circa (—0.15; +0.18) eV from the Fermi
level [13]. But when we passivate the Si dimers with hydrogen,
the 7* state disappears and the shift of the filled states due
to tip-induced band banding is practically limited only by the
width of the band gap. The shift of the empty states will still be
limited by the VBM. This corresponds well with the observed
shift of the filled states by ~0.4 eV and almost zero shift of the
empty states.

The Bi spectrum is dominated by large peaks at —1.9 eV
(labelled A) —1.25 eV (B), +1.45 eV (C) and 2.0 eV (D),
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Figure 2. STS spectra taken on clean and H-terminated Si(100)
surface. The arrow marks the tip-induced band bending. Letters A-F
mark the peaks discussed in the text.

and two smaller peaks near the Fermi level at —0.38 eV (E)
and 4-0.37 eV (F). The positions of the peaks correspond well
with the predicted spectra [9] for the Haiku structure. The
measured spectra support the reported explanation of change
of contrast: the Bi nanoline appears darker than the silicon
substrate in topographic images at low bias, because the large
bismuth peaks are located further from the Fermi level than Si
peaks.

The spectrum obtained on the Bi lines on the H-passivated
Si(100) surface is quantitatively different. The band gap
broadens to ca 2 eV. The Bi line spectrum is dominated by
a peak at —1.35 eV and the peaks within +0.5 eV (E, F) of
the Fermi level are washed out. This is in agreement with
theoretical predictions by Miwa et al [10]. The fact that the
filled state Bi peak shifts only by 0.1 eV after passivation
(while the peaks on the Si substrate shift by 0.4 eV, see
figure 2) indicates that the Bi nanoline locally pins the Fermi
level and prevents the tip-induced band bending. The A
and C peaks that were present on the clean surface at —1.9
and +1.45 eV disappear completely. The spectrum predicted
in [10] indicates peaks around —1.3 and —1.8 eV (please note
that we set zero energy as the Fermi level, while in [10] the
zero energy corresponds to the highest occupied peak which is
~—(0.7 eV in our notation). Comparing our experiments and
the prediction, we can attribute the —1.3 eV peak to the Bi
nanoline and the —1.8 eV peak to the H-passivated substrate.
The difference between the measured (—2.1 eV) and predicted
(—1.8 eV) position of the substrate-related peak agrees well
with the observed tip-induced band bending of 0.4 eV.

Figure 3 shows a series of topographic and LDOS images
on non-passivated surface. The Si dimer rows are resolved as
bright stripes in the topographical image running from the top
left corner to the bottom right. The Bi nanolines run from top
right to bottom left. One line consists of two bright stripes. The

LDOS

Topography

a)

Figure 3. Filled state images o Bi nanolines on clean Si(100).
Arrows mark features discussed in the text.

voltage dependence of the images supports our explanation of
the charge contrast. Very little density of bismuth states is
present below —0.7 eV that could contribute to the topography
image, so the Bi nanoline appears darker than the substrate
even though it is morphologically higher.

Comparing our measurements with the ab initio calcula-
tions performed by McLeod, Miwa and Owen [5, 10, 11], the
small bismuth peak (E) at —0.38 eV can be attributed to the
very localized pairs of protrusions above the Bi dimers (fig-
ure 2 and arrow in figure 3(b)). The rather broad peak (B) at
—1.25 eV is composed from two components, the energetically
lower-lying 7 *-like states above Bi atoms and the higher-lying
o-like states forming the Bi-Bi bond (figure 2 and arrows in
figure 3(e)). Note that the Bi states begin to overlap themselves
and onto the neighbouring Si dimers above —1.0 eV.

In figure 3(a) (see arrows), the brightness enhancement
of Si dimers adjacent to the Bi nanoline is visible in the
topographical image, but in the LDOS image the Si dimers
adjacent to the Bi nanoline are darker than the other Si dimers.
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Figure 4. Empty state images of Bi nanolines on clean Si(100).
Arrows mark features discussed in the text.

This suggests that the charge density on the Si dimers adjacent
to the Bi nanoline moves towards lower energies and that the
enhancement effect occurs at energies below —0.25 eV.

Figure 4 shows topography and LDOS images of Bi
nanolines in empty states. Only weak states are located on Bi
nanolines up to 0.9 eV, appearing as highly localized oval-
shaped protrusions above Bi atoms (see arrow in figure 4(a)).
At 41.3 eV another Bi state appears with maximum contrast
with respect to Si (figure 4(d)). It stretches along the Bi
nanoline from one pair of Bi dimers to another and overlaps the
neighbouring Si dimers. The state at ca +2.0 eV also overlaps
Si dimers but it is shaped as a bright protrusion joining the
Bi dimers of the two stripes forming the nanoline. Due to
problems with tip stability, it was not possible to obtain any
LDOS images at very low positive bias (0.3 eV).

Figure 5 shows topography and LDOS images of Bi
nanolines on the H-terminated Si(100) surface. Hydrogen
atoms saturating the Si dangling bonds are resolved as round
protrusions throughout the range of observed bias voltage. At
—0.3 eV, the Bi nanoline appears as two stripes of protrusions
located above the Bi dimers. However, in the corresponding

Topography

Figure 5. Filled state images of Bi nanolines on H-terminated
Si(100). Arrows mark features discussed in the text.

DOS image, there are dark areas instead of the protrusions.
Three bright lines can be seen, two at the sides of the Bi
nanoline and one in the middle (see arrows in figure 5(a)). By
comparison of the image with a model of the Haiku structure,
we can see that these states are located above the four Si atoms
that connect the Bi dimer to the Si dimer row and the four Si
atoms between two Bi dimers (see the model in the inset of
figure 3(a)). Interestingly, the Haiku structure does not predict
any bond in the first layer of Si atoms that would run parallel
to the Bi nanoline, as do these states. The dark areas above
Bi dimers in the DOS image indicate that a lower-lying state
should exist on the Bi dimers to explain the bright blobs in
topographic images.

At —0.6 eV, Bi states appear as double oval protrusions
localized above the Bi atoms. The shape of the state and its
energy correspond to the r-like state described by the ab initio
calculation by Miwa et al [10]. Around —1.0 V, more states
appear on the H-terminated silicon surface and the contrast of
the substrate in DOS images with respect to the Bi nanoline
decreases.
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At —1.2 eV the LDOS image looks very similar to the
image at —0.3 eV, but a closer look reveals that protrusions
(marked by arrows) are located between the two Si atoms
connecting a Bi atom to Si dimer row and between the two
Si atoms in the middle of the nanoline. As the energy of these
states is close to the Si dimer bond energy on the clean Si(100)
surface, we suppose these states are bonding states of the two
Si atoms. No Bi states appear at —1.2 eV (figure 5(d)), in
agreement with the observed STS spectrum.

At higher energies, the contrast in LDOS image between
the Bi nanoline and H-terminated substrate reverses and
the Bi nanoline appears dark. In the topographic images,
however, where the contrast is produced as an integral over all
states up to the selected voltage and where the topographical
information plays more important role, the Bi nanolines still
appear brighter than the H-terminated silicon substrate.

We were not able to obtain any reliable data in empty
states on the H-terminated surface, as the tip was not stable
enough to take DOS images at these voltages.

4. Conclusions

We measured STS spectra and LDOS (density-of-states)
images of Bi nanolines on clean and H-terminated Si(100)
surfaces. On the clean Si(100) surface, the measured STS
spectra match well with spectra predicted with ab initio
calculations. However, on the H-terminated surface the
predicted spectrum shows one more major peak than was
experimentally observed and states unexplained by the
calculations appear in the DOS images. Enhancement of
the brightness of the Si dimers adjacent to Bi nanolines was
observed and energies at which the enhancement takes effect
were narrowed to within £0.2 eV from the Fermi level. Our
results show that the Bi nanoline is semiconducting. Strong,
overlapping bismuth states appear in the regions +0.9-2.0 eV
and —0.7 to —2.0 eV on the clean surface. Furthermore,
these states overlap the neighbouring Si dimers, which could
lead to possible current leakage should the nanoline be used
as a conducting wire [9]. On the H-passivated surface the

bismuth states remain localized to the nanoline and no current
leakage to the substrate should occur. Therefore, the bismuth
nanoline on the H-passivated Si(100) could be used as an atom-
wire interconnection for molecular devices or as a template
for deposition of other materials that will have conducting
properties.
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