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We report on the systematic tuning of the electronic band structure of atomic wires by controlling the
density of impurity atoms. The atomic wires are self-assembled on Si(111) by substitutional gold
adsorbates and extra silicon atoms are deposited as the impurity dopants. The one-dimensional electronic
band of gold atomic wires, measured by angle-resolved photoemission, changes from a fully metallic to
semiconducting one with its band gap increasing above 0.3 eV along with an energy shift as a linear
function of the Si dopant density. The gap opening mechanism is suggested to be related to the ordering of
the impurities.
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Recent progress on nanowire materials has provided a
major practical solution in nanoscale electronic and bio-
chemical device fabrication [1,2]. An essential step toward
more versatile devices using nanowires is the systematic
control of electronic properties through, for example, dop-
ing impurities. Indeed, the drastic changes of electronic
properties of carbon nanotubes [3,4] and semiconductor
nanowires [5–7] by atomic or molecular doping were
recently demonstrated. However, the systematic control
over the dopant density and the continuous and reproduc-
ible tuning of the electronic properties have been key
technological issues in not only nanowire applications
but also in various nanomaterials systems. The systematic
doping becomes even more challenging when the host
structures shrink down to a truly molecular or atomic scale
due to fundamental reasons [8,9].

Here, we show the successful doping of atomic-scale
gold wires (�1 nm in width), which are self-assembled on
a silicon surface, by controlling the impurity density. A few
well-ordered atomic wire arrays with metallic properties
were reported recently on various silicon surfaces. These
systems have one-dimensional (1D) metallic band struc-
tures and interesting 1D physics like Peierl’s transitions
and charge-density-wave ground states [10–12]. Among
them, the gold atomic wires on a Si(111) surface, the
Si�111�-�5� 2�-Au surface [13–17], were shown to host
silicon adatoms and the possibility of their doping action,
electron donation to gold wires, was theoretically proposed
[15]. A successful density control of the silicon adatoms,
here, indeed leads to the systematic tuning of the 1D band
structure of gold atomic wires from a metal to a semicon-
ductor with a linearly tunable band gap.

Microscopic studies were performed with a commercial
variable-temperature scanning tunneling microscope
(STM) (Omicron, Germany). The electronic band disper-
sions were measured by angle-resolved photoemission
(ARP) employing monochromatized He discharge radia-
tion (h� � 40:2 eV). The angular and energy resolution of
the instrument is 0.15� and 15 meV. All STM and ARP
measurements were performed at room temperature.
LEED optics were available for both systems, which

were used not only to check the surface order but also to
ensure the consistent surfaces in different experiments. The
Si(111) substrate with a low n-type doping (10 � cm) was
flash heated to produce a clean 7� 7 reconstructed sur-
face. A slightly miscut (�2�) substrate was used to make
the terraces narrow (&100 nm) [18], which forces the
uniquely oriented growth of the gold atomic wires along
the step edges. By depositing submonolayer of gold at
833 K, a well-ordered Si�111�-�5� 2�-Au surface was
prepared on the substrate.

Figure 1 shows the STM image of the gold atomic wires
and the corresponding structure model [15]. Each wire is
composed of a double atomic chain of gold [bright (yellow
contrast) stripes in Fig. 1(a)] embedded into the topmost
silicon layer. The width of a wire is about 0.7 nm as
separated with an interwire distance of 1.7 nm by silicon
honeycomb chains. A characteristic feature of this system
is that parts of the silicon surface atoms [protrusions in
Fig. 1(a)] replaced by gold are randomly adsorbed on the
wires, between two gold chains. The silicon adatoms have
a unique adsorption site and a tendency to form their own
chain with a 4aSi [aSi the lattice constant of Si(111) of
0.384 nm] spacing along the wire [13,14,17,19]. The den-
sity of Si adatoms is roughly reproducible in typical growth
conditions as�0:025 monolayer [14,19]. This corresponds
to the 43%–48% occupation of all 4aSi sites along the
wires, as shown in Fig. 2(c).

In order to control the density of silicon adatoms, we
first evaporate silicon onto the gold wire array. With the
deposition of a proper amount and the annealing at an
optimized temperature of 423 K, the silicon adatom density
can be increased to almost 100% (�0:05 monolayer) of all
available sites [Fig. 2(a)] [19]. The clustering of Si ada-
toms [larger spots in Fig. 2(a)] starts at this density. We call
this the adatom-saturated wire. The adatom density, then,
can be reduced by further annealing above �400 K to
sublimates the silicon adatoms; a higher temperature for
a lower density. The adatom density is counted from the
STM images taken after each annealing. The annealing
temperature vs adatom density relationship can reliably be
established through repeated deposition-annealing cycles.

PRL 100, 126801 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
28 MARCH 2008

0031-9007=08=100(12)=126801(4) 126801-1 © 2008 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.100.126801


This stepwise annealing sequence almost saturates at about
870 K with the adatom density reduced to about 48%, back
to the as-grown wires. A further reduction of the density,
down to 36.8%, [Fig. 2(d)] can only be achieved by a flash
annealing to a much higher temperature of 1173 K. The
host wire structure is quite robust during these procedures
as no significant change of the local structure is noticed in
STM while the defect density gradually increases for re-
peated cycles. In order to minimize the influence of such
defects, the fresh Si�111�-�5� 2�-Au surface is prepared
for each deposition-annealing cycle.

The density of the silicon adatoms controls the elec-
tronic structure systematically. Figure 3 is the ARP spectra
near the Fermi level taken up to the emission angle of 35�

along the wires with a minimum adatom density of 36.8%
[Fig. 3(a)] and the adatom-saturated one [Fig. 3(b)]. The
minimally doped wires have three 1D bands, tagged as S1,
S2, and S3 in Fig. 3(c) [15]. The S3 band has a sine-wave-
like dispersion and is insulating. Another fully occupied
band S1 is very weak and shallow near the Fermi level with
only a marginal dispersion. The most important band is S2
which has a sharp parabolic dispersion to cross the Fermi
level at the momentum (kk) of 0:57 �A�1. This 1D band has
an effective mass of only a quarter of the free electron mass
and the band filling of 0.3, between 1=3 and 1=4. That is,

the S2 band is metallic with its electrons fully delocalized
to make the wires good 1D conduction channels. This kind
of fractionally filled 1D bands is commonly observed for
various gold atomic wires on different silicon surfaces such
as Si(110), Si(553), Si(557), and Si(5512) [11,12,20–22].
The microscopic origin of the S1-S3 bands is not fully
understood since the present structure model [15] only
partly explains the band structure. The theoretical model
for the undoped gold wires reproduce well the dispersions
of the insulating S1 and S3 bands [thin solid lines in
Fig. 3(c)] but not that of the—most important—metallic
S2 band. This may be due to the limitation of the structure
model itself as recently pointed out [13] or due to the fact
that the experimental result is not for the completely un-
doped wires but for the silicon adatom density of at least
0.018 monolayer.

Figure 4 shows the change of the band dispersions near
the Fermi level at different silicon adatom density. As the
adatom density increases from the minimally-doped one,
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48.2 % 36.8 % 

FIG. 2 (color online). STM images, with oversimplified con-
trast, for the gold wire array after the deposition of silicon
(appearing as protrusions) with postannealings at different tem-
peratures. The silicon adatoms tend to form rather regular
4aSi-spaced chains at high density and the ‘‘saturation’’ of all
4aSi-spaced sites along the wires is defined as 100% density. The
Si density is systematically controllable from about 97% (a)
down to 48% (c) by increasing the annealing temperature from
423 to 833 K and further down to 36% (d), which is called as the
‘‘minimally-doped’’ wires, by higher temperature flash anneal-
ing.

FIG. 1 (color online). (a) STM image of the gold atomic wire
array formed on Si(111) with silicon adatoms (in blue contrast)
and (b) its atomic structure model [15]; gray (small), yellow
(medium), and blue (large) balls represent substrate silicon
atoms, gold atoms, and silicon adatoms, respectively.
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the S2 band gradually shifts to a higher binding energy,
loses its intensity near the Fermi level, and finally folds
back toward the �2 Brillouin zone boundary (ZB�2 at
kk � 0:4 �A�1). The overall downward energy shift
(0:23 eV� 0:03 eV) is also rigidly observed for S1 and
S3. The gradual band-gap opening at the Fermi level is
shown clearly in the energy distribution curves of photo-
electrons of Fig. 4(b). The evolution of the band gap is
quantified by the leading-edge shifts of the energy distri-
bution curves [11,12] as summarized in Fig. 4(c). It clearly
indicates that the band gap increases as a function of the
adatom density. The top of the S2 band at the adatom-
saturated wires is located at 0:30� 0:03 eV below the
Fermi level (the leading-edge shift of 0.16 eV) [23]. If
we assume that the band gap is symmetric as centered on
the Fermi level, this corresponds to a full band-gap size of

0.6 eV. Even though the band gap opens asymmetrically,
the final gap size should be larger than 0.3 eV.
Consequently, we are able to convert the metallic gold
atomic wires into a semiconducting ones and, moreover,
to tune the band gap continuously from 0 to above 0.3 eV
through doping the wires by silicon adatoms. Note that this
process, saturating silicon adatom and reducing its density,
is fully reproducible and reversible.

This band-structure change, especially the band-gap
opening, rejects a few simple interpretations of the under-
lying mechanism. First, the present case is largely different
from the conventional doping of semiconductor crystals,
where the Fermi level position changes within a fixed band
gap (or the rigid shift of the bands). Second, the typical
doping of a metallic system simply increases the occupa-
tion of metallic electrons, that is, shifts the metallic elec-
tron band to higher binding energy without opening a band
gap. Such a behavior was well established for the prototype
2D metallic system formed on a Si(111) surface, the
Si(111)-Ag surface [24]. In the case of a molecular level
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FIG. 4 (color online). (a) Evolution of the band structure near
the Fermi level as increasing the density of silicon adatoms. The
data were taken for the electron emission angle of 6� –14� along
the wires. (b) The energy distribution curves for the photoelec-
trons around the Fermi level for a few adatom densities showing
clearly the evolution of the band gap, which is quantified by the
simple linear fit (straight solid lines overlaid) of the leading
edge. A similar curve for a tantalum metal (gray) is given to
confirm the fully metallic character (the null band gap) of the
minimally doped wires (red, 36.8%). (c) The measured band-gap
size below the Fermi level [23] as a function of the adatom
density (or the postannealing temperature after silicon deposi-
tion). The arrows in (a) indicate the Fermi momentum or the
positions of the top of the bands for metallic or gapped bands,
respectively.

FIG. 3 (color online). Electron-energy-band dispersions along
the gold wires measured with angle-resolved photoemission.
(a) The minimally doped wires with a metallic band (S2) and
(b) those with saturated silicon adatoms with a fully opened band
gap (0.3 eV below the Fermi level). The dispersion curves in
solid or dashed lines are guides for the spectral features with
high intensity within an accuracy of roughly 50 meV but are not
decisive for the dotted parts due to the weak intensity and the
interference with an extra surface state not mentioned here [15].
(c) The comparison of the measured band dispersions with those
of the theoretical calculation for undoped wires [15]. The
boundaries of �1 (ZB�1) and �2 (ZB�2) Brillouin zones are
shown. The white dashed lines in (a) and (b) indicate the bulk-
band spectral feature.
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structure, such as a single C60 molecule, the doped elec-
trons fill lowest-unoccupied-molecular levels to shift the
whole energy levels rigidly [25].

From the above discussion, one can realize that at least
the overall shift of the S1-S3 bands near the Fermi level
must be understood from the conventional action of the
doped electrons, filling the S2 band gradually. No similar
energy shift is found for the bulk bands (shown partly in
Fig. 3) excluding the possibility of artifacts such as the
surface photovoltage effect. Moreover, the partial electron
transfer from the silicon adatoms into the gold wires was
predicted by the theory [15]. However, in order to explain
the band-gap opening, another mechanism is needed. It
should also be mentioned that the present gap opening
cannot be explained by the disorder driven metal-insulator
transition, or localization transition, since the surface or-
dering, in fact, increases at high adatom density over 50%,
where the band gap increases.

As a contrasting mechanism to the adatom-induced dis-
order, we suggest that the band gap is formed by the 4aSi

ordering of the adatoms. As seen in the STM images of
Fig. 2, the 4aSi ordering (or an extra 4aSi lattice/ion po-
tential for the 1D electrons of the gold wires) becomes
stronger as the adatom density increases. This partial order
is not clear in LEED but confirmed in the Fourier trans-
formation of the STM images. This potential can drive the
bands to form a gap around 1=4 of the Brillouin zone, the
corresponding momentum space point of the 4aSi order,
which is incidentally very close to the Fermi level crossing
of the S2 band. Then, the increasing band gap can naturally
be explained by the enhancing 4aSi potential at a higher
coverage and by the overall shift of Fermi level position
within the gap due to the electron doping.

In support of this idea, the recent scanning tunneling
spectroscopy study [26] reported that the short silicon
adatom chains with a local 4aSi ordering make those
wire segments locally insulating. The maximum local
band-gap size measured is 0.6 eV in qualitative accord
with the band gap observed here for the adatom-saturated
wires. That is, the band-gap opening is not due to individ-
ual adatoms but there is a novel collective mechanism by
locally ordered adatom clusters.

A few complications, however, remain unsolved to in-
vite further studies. First, the present band-structure mea-
surement reveals well-defined bands without any sign of a
mixture of metallic and insulating domains throughout the
whole dopant density in contrast to the nanoscale inhomo-
geneity observed by local spectroscopy [27]. A similar
inconsistency between the microscopic inhomogeneity
and the global electronic states was recently pointed out
for the high-temperature superconductors with inhomoge-
neous doping profiles [28,29]. Second, the band-gap posi-
tion observed here slightly deviates from 1=4 of the
Brillouin zone. Although the reason for this discrepancy
is not clear, it is apparent that the electronic energy gain is

maximized not by the gap formation at 1=4 of the Brillouin
zone with the gap located below the Fermi level but by the
band-gap opening at the Fermi level, as observed here.
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