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Electronic structure of an atomic wire on a hydrogen-terminated Si(111) surface:
First-principles study
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Using first-principles calculations, we have examined structural stability and electronic states of
an atomic wire that consists of a row of dangling bonds formed by extraction of hydrogen atoms
from a H-terminated Si(111) surface. This atomic wire is found to be stable. Within the local-
density-functional approach, it is electrically conductive due to the appearance of a half-filled state
in the energy-gap region of the surface. This wire becomes semiconducting if the Peierls distortion is
taken into account, but the total energy gain due to this distortion is estimated to be only 6.5 meV.
Silicon atoms with dangling bonds are found not to dimerize as is expected in the usual Peierls
distortion condition, but to relax in the direction perpendicular to the wire.

Atomic-scale fabrication on solid surfaces has recently
attracted much attention. Several groups have suc-
ceeded in manipulating single atoms'™® and in fabri-
cating atomic-scale structures*® by using scanning tun-
neling microscopes. This technique opens the way to
atomic-scale devices, which are promising candidates to
replace silicon metal-oxide-semiconductor transistors in
future integrated circuits. One of the authors and his co-
workers have recently proposed a possible atomic-scale
device which we call the atom relay transistor (ART).®
To realize the ART and other atomic-scale devices, it is
necessary to appropriately design device structures and
materials as well as to improve the technique of atomic-
scale fabrication. However, designing atomic-scale de-
vices is difficult at present because of our limited knowl-
edge of properties of atomic-scale structures. Even if the
properties of a particular structure are well known for a
size of the order of 10 nm or larger, its properties may be
greatly changed if its size is reduced to atomic scale. Con-
cerning this, Bouju et al.” have reported an instructive
example: According to their molecular-dynamics calcula-
tions, a single-atom row of gold on a NaCl substrate was
found to be unstable, while a gold wire with much larger
width is apparently stable. In view of the above, there
is a strong need to examine properties of various atomic-
scale structures to obtain guiding principles for designing
materials and structures of atomic-scale devices.

In this paper, we report our attempt to examine
atomic-scale artificial structures using first-principles cal-
culations. We focus on an atomic-scale wire, which is a
simple but indispensable element of atomic-scale devices.
One may think that an atomic wire on a solid surface is
a good example of the one-dimensional (1D) electronic
systems, the characteristics of which have been studied
intensively on the basis of theoretical models such as the
1D Hubbard Hamiltonian. However, this is not neces-
sarily true. An atomic wire may lose 1D character due
to the interaction with its substrate. In some cases, even
1D atomic arrangement of the wire becomes unstable be-
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cause of this interaction, as in the case of Au atoms on
NaCl. Therefore, before studying electronic properties
of an atomic wire in detail by assuming its 1D atomic
arrangement and characteristics, we should examine its
structural stability and how much it can preserve its 1D
characteristics in electronic properties.

As an example of atomic wires, we choose a hydrogen-
terminated Si(111) substrate surface and consider an
atomic wire constructed by extracting a row of single
H atoms. After the extraction of a H atom from the
surface, one dangling bond (DB) is left on a remaining
Si atom. A row of these DB’s forms a kind of atomic
wire, which we call a DB wire. Although this DB wire
is chemically too reactive to use in real atomic-scale de-
vices, we expect that it may be an instructive example of
an atomic-scale wire on an insulating or semiconducting
surface. Further, this wire may play an important role
in fabrication of more promising atomic wires. This DB
wire has not yet been fabricated experimentally, but we
believe that it will be achieved in the near future judg-
ing from the recent rapid developments in atomic-scale
fabrication. For example, Shen et al.’> have recently suc-
ceeded in fabricating DB lines with a width of less than
1 nm on a H-terminated Si(100) surface.

In our calculation, the H-terminated Si(111) surface
was represented by a slab model consisting of six layers
of Si atoms and two layers of H atoms, and the periodic
boundary condition was imposed. An atomic wire was
constructed on one side of the slab by extracting a row
of hydrogen atoms in a 1 X 4 or 2 X 4 supercell as shown
in Fig. 1. In the calculations, the 1 x 4 cell was mainly
used, and the 2 x4 cell was used in examining the effect of
the Peierls distortion. As we will show later, interaction
between neighboring DB wires can be neglected if this
size of supercell is used in the calculations. The length
of the cell in the direction normal to the H-terminated
Si(111) surface is six times as long as the Si-Si atomic
distance in a bulk Si crystal.

On the basis of this model, optimized atomic geom-
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FIG. 1. Slab model of an atomic wire on the H-terminated
Si(111) surface. (a) Top view. A 2 x 4 supercell is shown with
thick solid lines. (b) Side view along A-B line in (a). Atoms
within plane A-B are shown by circles with thick solid lines.
An extracted hydrogen atom is shown by a dashed circle.

Atom numbers and coordinate axes correspond to those in
Table II.

etry and electronic structures were calculated within
the local-density-functional approach. The exchange-
correlation term wused in the calculation was the
Ceperley-Alder form® parametrized by Perdew and
Zunger.? For electron-nuclei interaction, an ultrasoft
pseudopotentiall® was employed. The pseudopotential
for H is generated in the electron configuration of (1s)%5,
and only the s component was taken for the nonlocal part
with one reference energy at the eigenvalue. The cutoff
radii for the valence wave function (rVF) and for the local
potential (rP°*) were 0.8 and 0.7 a.u., respectively. For
Si, the pseudopotential was generated in (3s)!-2%(3p)*-"5
configuration with r¥¥ =1.8 a.u. and 7P°* =1.6 a.u., and
sand p components were included with two and one refer-
ence energies, respectively. The second reference energy
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for the s component was 1.0 Ry above the eigenenergy.
The charge augmentation functions were constructed us-
ing the method of Laasonen et al.!! with cutoff radii of
0.7 a.u. for H and 1.6 a.u. for Si. Wave functions were
expanded in a plane-wave basis set with an energy cutoff
of 16 Ry. Two special k points were used for the inte-
gration in k space, which corresponds to a total of four k
points in the whole first Brillouin zone. Both electronic
and ionic degrees of freedom were optimized using the
conjugate gradient method.??714

Before examining the DB wire, we calculated elec-
tronic structures and optimized geometries of Hy and
SiH4 molecules and bulk Si to check the reliability of
our calculations. Calculated atomic distances of H-H
in Hy, Si-H in SiH4, and Si-Si in bulk Si are 0.768,
1.472, and 2.329 A, respectively, which agree well with
the observed values of 0.741, 1.480, and 2.352 A, respec-
tively. We also calculated the optimized geometry of the
Si(111)1 x 1-H surface without DB wires. In doing so,
the atomic positions of the two innermost Si layers were
fixed. In Table I, the calculated Si-H atomic distance and
layer distance between the outermost two Si layers are
shown together with results of previous first-principles
calculations.'® 17 The present results are in good agree-
ment with those of Li and Vanderbilt'® and Li et al.,'”
which are expected to be more reliable than those of
Kaxiras and Joannopoulos!® considering the computa-
tional conditions.

In geometry optimization of the H-terminated Si sur-
face with a DB wire, we started from the calculated op-
timized geometry of the Si(111)1 x 1—H surface without
DB wires. Atoms in the backside H layer and the adja-
cent Si layer were fixed during the optimization processes.
Position changes after optimization from the initial ge-
ometry are summarized in Table II. As can be seen from
this table, the position of the Si atom with a DB (atom 4
in the table) becomes lower than others in the same layer
(atoms 5-7) by 0.110 A, while one of the Si atoms in the
next layer (atom 8) is shifted upward by 0.037 A. This
result suggests that the character of chemical bonds be-
tween the Si atom with the DB and its neighbors changes
from the pure sp® to somewhat sp2-like to stabilize the
electronic states of the DB wire. Other atoms remain
at nearly the same positions; they move at most 0.01 A.
Therefore the DB wire structure on this surface can be
considered to be structurally stable.

The calculated energy band structure of the H-
terminated Si(111) surface with a DB wire is shown in
Fig. 2 together with that of the surface without a DB
wire. This shows that introduction of a DB wire cre-
ates another state in the energy-gap region of the H-
terminated Si(111) surface. This midgap state has an
energy-dispersion width of 0.36 eV along the DB-wire
direction (the I'-M line), while the dispersion width

TABLE I. Calculated optimized geometry of H-terminated Si(111)1 x 1 surface. (Units: A.)

Ref. 15 Ref. 16 Ref. 17 Present calc.
Si-H distance 1.54 1.524 1.506 1.510
Si-Si layer distance
(outermost layers) 0.72 0.755 0.757
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TABLE II. Difference in calculated atomic positions between the H-terminated Si(111) surface
with a DB wire and those of the surface without DB wires. (Units: A)

Atom Az Ay Az Atom Az Ay Az
12 —0.001 —0.014 0.013

1 —0.002 0.007 0.002 13 0.000 0.016 0.006
2 —0.001 0.002 0.003 14 0.000 0.003 0.002
3 —0.003 —0.004 0.012 15 —0.002 —0.003 0.005
4 —0.001 —0.020 —0.110 16 0.001 —0.002 0.013
5 —0.003 —0.004 —0.002 17 0.002 0.010 0.013
6 —0.001 0.001 0.001 18 0.004 0.010 —0.009
7 —0.001 —0.012 0.012 19 0.001 0.000 —0.003
8 0.003 —0.013 0.037 20 —0.002 0.004 0.010
9 —0.002 —0.011 0.004 21 —0.002 ©0.001 0.006
10 0.001 —0.003 —0.001 22 —0.002 0.002 —-0.003
11 0.001 0.000 0.001 23 —0.002 0.002 —0.003

along the direction across the wire (the I'-J’ line) is
only 0.02 eV. This shows that the midgap state has one-
dimensional character. It also shows that the interaction
between neighboring wires is weak enough to regard each
wire as isolated from the others.

To examine the characteristics of the midgap state in
detail, charge density profiles of the midgap state at the
T’ point were calculated. The results are shown in Fig. 3.
Figure 3(a) is the charge density contour map along the
AB line in the plane including the DB wire. This shows
that the charge density of the midgap state is localized
around the dangling bond in this plane. The contour map
along the CD line in a plane including a row of H atoms
across the DB wire is shown in Fig. 3(b), which indicates
that the wave function of the state is rather localized
around the DB. From these charge density distributions
in Figs. 3(a) and 3(b), we can understand the relatively
large energy dispersion along the bond wire direction. It
also confirms that each DB wire can be regarded as being
isolated from neighboring wires as mentioned previously.
These charge density distributions also lead to the fol-
lowing characteristic of the DB: There is much smaller
asymmetry than expected for the sp® orbital, indicat-
ing that the character of the DB changes from sp® to
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somewhat p-like. This is consistent with the fact that
the bonding character between the Si atom with DB and
neighboring atoms changes from sp® to sp?.

In fact, the spread of the wave function of the midgap
state is a little larger than expected from Figs. 3(a) and
3(b). Figure 3(c) shows the contour map along the EF
line in a plane including both the Si atom with a DB and
its nearest neighbor. Here we can see that the charge den-
sity spreads over the Si with a DB, its nearest neighbor,
and the second nearest neighbor in the third Si layer.
Thus the character of the midgap state is much more
complicated than it appears to be at first sight. Nev-
ertheless, we can still say that the charge density of this
state is localized around the DB wire on the atomic scale.

Since only one electron occupies the midgap state, we
expect that the DB wire is electrically conductive within
the local-density-functional approach. However, this wire
may become semiconducting because of the following ef-
fects which are significant in purely 1D systems. First,
the effects of electron correlation and spin are known to
cause purely 1D systems with a half-filled energy band
to be always insulating within the 1D Hubbard model.
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FIG. 2. Calculated energy band structure of the

H-terminated Si(111) surface: (a) without a DB wire and
(b) with a DB wire. The surface Brillouin zones for 1 x 1 and
1 X 4 cells are also shown.

FIG. 3. Charge density contour maps of the midgap state
at the I' point: (a) along line A4-B, (b) along line C-D, and
(c) along line E-F.
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(a) (b)

FIG. 4. Schematic view of the Peierls distortion of the DB
wire: (a) distortion based on a purely one-dimensional system
and (b) results of the present calculation.

However, examining these effects in the present DB wire
might be difficult, since the character of the half-filled
midgap state is rather complicated as mentioned above
and thus simple models such as the 1D Hubbard model
are not applicable. Therefore to examine these effects re-
mains a future problem. Another important effect is the
polaronic one. This effect causes the Peierls distortion,
which is also significant in 1D systems. Since it is not
certain how this effect is important in the present case,
we evaluated the effect of the Peierls distortion by calcu-
lating a stable structure with the 2x4 supercell shown in
Fig. 1.

In general, the Peierls distortion causes the atomic dis-
tortion shown in Fig. 4(a), that is, dimerization of wire
atoms. However, we have found that this kind of distor-
tion does not occur in the present system even if slight
distortion in this direction is assumed in the initial geom-
etry. Instead, our calculation leads to a different stable
geometry shown in Fig. 4(b): No dimerization occurs,
but there is a height difference of 0.023 A between the Si
atom with a DB and the neighboring Si atoms. Since the
period of this distortion is twice as large as the atomic
distance, it is thought to be a kind of Peierls distortion.

Because of this distortion, the midgap state in Fig. 2
splits into two bands and the DB wire becomes semicon-
ducting. According to our calculation, the value of this
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energy gap is only 38 meV, and the total energy gain
due to this distortion is only 6.5 meV, which corresponds
to a thermal energy of about 75 K. Therefore at room
temperature this Peierls distortion does not occur.

In summary, we have investigated the structural sta-
bility and electronic state of an atomic-scale wire con-
structed by extracting a row of H atoms from a Si(111)1x
1-H surface using first-principles calculations within the
local-density-functional approach. This atomic wire was
found to be energetically stable with a slight inward
shift of Si atoms with dangling bonds by 0.1 A com-
pared with a fully H-terminated surface. A half-filled
surface state due to the dangling-bond wire appears in
the energy-gap region, and has one-dimensional charac-
ter with the energy-dispersion width of 0.36 eV along
the wire direction. This state contains not only compo-
nents of dangling bonds but also those of neighboring Si
bonds. However, we can still say that this state is local-
ized on the atomic scale around the dangling-bond row.
The effect of the Peierls distortion was examined using a
first-principles calculation, and the total energy gain due
to this distortion was evaluated to be only 6.5 meV. The
wire was found to be distorted in the direction perpen-
dicular to the wire, in contrast to the case of purely one-
dimensional systems. Within the present study, we can
say that this structure behaves as an electrically conduc-
tive atomic-size wire at room temperature. The effects of
electron correlation and spin may increase the transition
temperature between semiconducting and metallic states
from that predicted in this study, about 75 K. Examining
these effects in more detail remains a future problem.

We thank Dr. Osamu Sugino and Dr. Takahisa Ohno
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