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Abstract
Bare silicon dimers on hydrogen-terminated Si(100) have two dangling bonds. These
are atomically localized regions of high state density near to and within the bulk silicon band
gap. We studied bare silicon dimers as monomeric units. Silicon dimer wires are much more
stable than wires composed of individual dangling bonds. Dimer wires composed of 1–5 dimers
were intentionally fabricated and characterized by STM techniques combined with density
functional theory to provide detailed insights into geometric and electronic structure. Structural
and dynamic qualities displayed by short wires were shown to be similar to the characteristics of
a relatively long 37 dimer wire. Rather than adding two states into the band gap, experiment and
theory reveal that each dimer adds one empty state into the gap and one filled state into the valence
bands. Coupling among these states provides a conduction pathway with small bulk coupling.

Keywords: silicon, dangling bond, semiconductor, atomic wire, STM,DFT, quantum confinement

1. Introduction

Atomic-scale structures have never been more accessible than
they are today thanks to advances in scanning tunnelingmicro-
scopy (STM) and its variants. Its unique ability to resolve
and manipulate atoms has made it an invaluable tool for this
purpose [1, 2]. In the case of H–Si(100)–2 × 1, this semi-
conducting surface has a dimerized repeating pattern and one
monolayer of hydrogen that acts as an atomically thin resist
well-suited for these types of studies [3–9]. The surface is
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used as a canvas for atomic scale patterning on which the H–Si
bond allows for the selective removal of individual hydrogen
atoms using the STM tip. This procedure leaves behind silicon
dangling bonds (DBs) [3] which are atomic orbitals that can be
used to create functional structures [10–18].More complicated
molecular-like orbitals result from combining atomic orbitals
in close proximity. A pair of DBs situated on the same sil-
icon dimer is termed a ‘bare dimer’ which is the basic struc-
tural unit considered in this study. Henceforth, all references
to ‘dimer’ refer to this structure (as opposed to the H-capped
dimer). They are key to constructing complex atomic-scale
structures such as wires [10, 16], artificial molecules [5, 13],
and binding sites for dopant precursors [17, 18]. An extensive
review has recently been published that encompasses various
examples of such DB patterns on this surface [19].

To gain a comprehensive understanding of the electronic
properties of bare silicon dimers, we conducted orbital
analyses on the 1–3 dimer wire segments. Fabrication was
done by intentionally creating one, two, and three units
of dimers through STM tip manipulation on the H-Si(100)
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surface of degenerately doped p-type silicon at 4.5 K. This
high level of doping is helpful for avoiding dopant freeze-
out at 4.5 K, which hinders scanning. Our findings show that
for every dimer, there is one filled state in the valence band
and one empty state in the band gap. In particular, these states
hybridize and cause the apparent band gap to close from the
conduction band side. Due to tip-induced band bending, these
states can appear convolved with the conduction band during
STM measurements, and tunneling occurs through electron-
hole recombination.Modeling through density function theory
(DFT) was consistent with STM measurements.

2. Methods

2.1. Equipment

All measurements were taken with a commercially available
Omicron low-temperature STM (LT-STM). Experiments were
conducted at 4.5 K in a chamber with a 5 × 10−11 Torr base
pressure. The silicon sample was cleaved from a degenerately
boron-doped (0.005 Ω·cm) wafer. It was degassed at 600 ◦C
overnight andwas flash annealed to 1250 ◦C several timeswith
a direct current heating. After the last flash the temperature of
the samplewas dropped to 330 ◦C to terminate the surfacewith
a hydrogen monolayer. During this stage, molecular hydro-
gen (H2) was leaked into the preparation chamber and cracked
to atomic hydrogen (H) with a tungsten filament heated to
∼1800 ◦C [3] for 2 min while maintaining 1 × 10−6 Torr
pressure (120 Langmuirs). The STM tip was cut fromW(111)
wire and electrochemically etched in 2MNaOH solution [20].
It was later sharpened to a single atom apex using a home-
built Field Ion Microscopy (FIM), where helium and nitro-
gen gasses were used to image and etch the tip, respectively
[21]. During STM measurements, controlled contacts were
performed on DB patches in order to alter or improve the tip,
whenever necessary.

2.2. Measurements

During constant height measurements the height feedback
loop was turned off after the height of the tip was fixed using
the indicated current and voltage setpoint of 1.8 V and 20 pA
over a H-Si site. For lock-in measurements, 50 mV bias modu-
lation amplitude and 585 Hz frequency were used. All images
are presented as forward scans, except for figure 4(q), for
which forward and backward scans were averaged. Constant
height dI/dV line spectroscopies were performed with a grid
spacing and energy resolution of 50 pm and 20 mV respect-
ively. Line spectroscopies were taken separately for each
dimer wire and stitched together in figure 5. STM images were
analyzed using Gwyddion software [22].

2.3. Theory

Density Functional Theory (DFT) calculations were
performed with the AMS2021 [23, 24] program using the
GGA-PBE [25] exchange-correlation (XC) functionals. All

dimer wires were subject to geometry optimizations using
a nano-crystal model, Si228H178, H-capped on all sides. A
double-zeta basis set was used for all the atoms, except for a
region consisting of the clean dimer atoms and the 4 Si atoms
directly bonded to it, for which a double-zeta polarized basis
set was used. This latter region was allowed full flexibility dur-
ing geometry optimization, while the other atoms were fixed.
In order to better approximate the real system, the optimized
wire structures were then translated into a periodic slab model,
with a (3 × 8) surface supercell consisting of Si576H142 and
with 12 Si layers in depth, top and bottom being H-capped.
Single-point slab calculations were then performed for each
optimized dimer wire case. For a judicious calculation, the
supercell was divided in two regions, according to the import-
ance for the present study. The first ‘central’ region consists
of the atoms of the dimer row where the dimer wire is placed,
excepting the Si atoms adjacent to the border of the supercell.
The remaining atoms were allocated to the ‘support’ region. A
double-zeta polarized basis set was used for all the atoms (both
regions), but we made use of a frozen core for the ‘support’
region, while the ‘central’ region was given an all-electron
treatment. Gamma-point only was used for k-space.

In our DFT modeling, we wish to emulate a Fermi level
at the surface consistent with a dopant-depleted subsurface
region, i.e. medium level p-type doping. Adding a single
acceptor dopant atom to our nanosized supercell will result in
very high doping concentration,∼5× 1021 cm−3, and a Fermi
level below VBM. At the same time, the localized potential
of this dopant will strongly distort the electronic structure of
our dimer lines. Instead, we noticed that when we add a dimer
structure to the neutral model system, we create further states
in the band gap and the resulting Fermi level in DFT goes from
the intrinsic level (middle of the pure crystal band gap) to the
middle of the new apparent band gap. In all those cases (1, 2,
3 dimers), this value of the Fermi level is above the VBM by
∼0.2 eV, which better approximates the reality of a dopant-
depleted subsurface region in our experiments.

3. Results and discussions

Bare silicon dimers were fabricated either by removing H
atoms individually or simultaneously in pairs with bias pulses
[9, 13]. Pulsing was done from a set point of 1.6 V and 50 pA,
to a bias of 2.4 V for a duration of 50 ms with no tip feed-
back. Such bias pulses cause vibrational excitations through
inelastic tunneling which ruptures the hydrogen-silicon bond
[26–28]. The smallest three silicon dimer wire segments are
shown in figure 1(a). We define them to be of length 1, 2 and
3, which are equivalent to compact DBs arrays of size 2 × 1,
2× 2 and 2× 3. While our focus here is on structure evolution
among the smallest dimer wires, figure 1(c) shows a 37 dimer
long wire (2× 37) to demonstrate that given a defect-free area,
these wires can be extended to any desired length.

The image shows a clear contrast between the crystal-
line array of atomically resolved H atoms in the back-
ground in dark blue and the very pronounced dangling
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Figure 1. (a) A STM image of silicon dimers on the
H–Si(100)–2 × 1 surface (1.8 V, 50 pA constant current). Atomic
positions of the dimers are indicated with superimposed ball and
stick models. (b) The height profile across the line is indicated with
a dashed red line in figure (a). (c) A 37-dimer long atomic wire.

bonds situated on the dimers that protrude from the sur-
face in bright yellow. This morphology reflects the relat-
ively low electron density on the H-terminated area and the
high electron density on the dimer structures at the probed
energy.

These 3 dimer wires coexisted on the surface and were
imaged simultaneously to ensure a common tip structure was
used to image all three units. We focus on this reduced set
of structures because they contain features that are common
to all dimer wires, i.e. all dimer wires contain dimers that
are either in a ‘middle’ or at a terminal position. The first
is the fundamental and smallest unit of all dimer wires. The
second is a wire segment with two distinct ends. The third
contains an additional middle dimer. Studying these structures
in this sequence revealed that longer dimer structures exhibit
higher protrusions compared to the shorter fragments. This is
clearly seen in figures 1(a) and (b), in which the brightness of
the dimer wire segments increases with intensity as a func-
tion of length. Adding additional dimers to the single bare
dimer, increases tunneling pathways and causes the 3 dimer
wire to appear brighter at the center dimer [16]. The image
of H-terminated areas near this structure causes those to show
up brighter compared to hydrogen atoms near a single dimer
also, as shown in the height profile in figure 1(b). This is a pin-
ning effect. When the tip is positioned over the H-terminated
region the nearby Si dimers resist the upward band bending
field effect of the tip by taking on a reduced negative charge.

Figure 2. (a) Experimental dI/dV spectroscopies and (b) theoretical
partial DOS plots of 1, 2 and 3 dimers, showing the addition of
empty and filled states with each added dimer. The curves in (a)
were color coded to match the corresponding states in (b). Wire
states in the bandgap are visually matched with their experimental
counterparts with dashed lines, with the energy mismatch due to
TIBB. The gray background curve in (b) indicates the total DOS of
the pristine model slab in absence of the wires.

This effectively creates a larger bias between tip and sample,
resulting in more current.

To better understand the effects of grouping dimer units
together, dI/dV measurements, which are proportional to local
density of states (LDOS), were measured using a lock-in amp-
lifier. In each case, spectroscopies were taken in the middle of
each dimer unit. For the 2 and 3 dimers wires, the multiple
spectroscopies were averaged into the single curves which are
shown in figure 2(a).

These experimental LDOS for 1, 2 and 3 dimers, as well as
for H–Si, are given in figure 2(a). The measurements revealed
the existence of broad features at energies below −0.5 V and
above +1.0 V, at the positions indicated with arrows. These
features are assigned to filled (occupied) and empty (unoccu-
pied) electronic states, respectively. Despite the filled states
being resonant with the valence band states, they are resolv-
able as a result of being positioned on the surface and thereby
overlapping more strongly with the tip than bulk states [29].
Although the experimental dI/dV measurements were unable
to fully resolve some individual states, a comparison with cal-
culated DFT projected density of states in figure 2(b) reveals
that they do originate from distinct molecular-like orbitals.
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Figure 3. Tunneling mechanism for imaging the (a) HOMO (b) HOMO-2 (c) LUMO and (d) LUMO + 2 for three dimers. Navy and teal
indicate filled and empty states, respectively.

This comparison requires some care because tip-induced
band bending (TIBB) shifts the apparent position of states
[30]. TIBB is especially pronounced for states furthest away
from the sample Fermi level [30–32]. DFT estimates the
unperturbed energy levels in the absence of TIBB. This
accounts for the discrepancy in energetic positions of the
empty state features indicated in figures 2(a) and (b) which
are connected by dashed lines between the two subpanels. The
filled states are exposed to smaller TIBB in comparison to
empty states because they aremuch closer to the p-type sample
Fermi level.

Of particular interest is the case for 3 dimers shown in light
blue in figure 2(a). In the one and two dimer long wires, each
dimer adds a negative bias and a positive bias peak to the dI/dV
spectroscopies, however this is not observed for the 3 dimer
long wire. The DFT calculations reveal the existence of close
spacedHOMO/HOMO-1 and LUMO-1/LUMO-2 orbitals that
are unresolvable in experiment. The full set of molecular orbit-
als marked with arrows in figure 2(a) are considered further in
the discussion of figure 4.

The DFT results additionally reveal that the filled and
empty states are energetically positioned in the valence band
and band gap respectively. These states can be further iden-
tified as a sequence of HOMO-n and LUMO + n states with
n = 0, 1, 2. It is significant that the filled states overlap with
the valence band and thus, do not cause any shrinkage of the
apparent band gap. Instead, it is the energetic positions of the
empty states that effectively narrows the apparent band gap
specifically from the conduction band side.

The tunneling mechanisms responsible for producing the
features seen in figure 2 can be rationalized with a set of heur-
istic energy level diagrams as shown in figure 3 where the
case of three dimers is shown. Figures 3(a) and (b) show the
tunneling mechanism for the dimer wire filled states that are
aligned with the Si valence band, and figures 3(c) and (d) show
the mechanism for the empty dimer wire states located in the
Si band gap. The sample Fermi level, indicated with a thick
dashed line, is drawn slightly below the valence band edge to
indicate a degenerately doped p-type sample [33]. The align-
ment of the filled states with the valence band allows reson-
ant tunneling of electrons from the wire to the tip as shown
in figures 3(a) and (b). Measuring the empty states involves
a different mechanism due to their energy in the band gap
which prohibits resonant tunneling. In this case (figures 3(c)
and (d)), electrons are injected into the wire from the tip, to
then inelastically tunnel to the valence band where they com-
bine with abundant holes [31].

Additionally, the positions of the filled and empty states
with respect to the Fermi level have an impact on the measured
energy of the states. The filled states are accessed at relatively
low tip voltages, resulting in minor amounts of TIBB. This
is visible in figure 2, where the experimental and theoretical
filled states have similar energies. On the other hand, the much
higher tip voltages needed to access the empty states, causes
significantly more TIBB and creates a larger energy mismatch
between the experimental and theoretical empty states in the
same figure indicated with dashed lines.

At each energetic position of the features identified in
figure 2, we recorded a spatial density of states map with STM
(figures 4(a)–(f) and (m)–(r)) and compared these measure-
ments with DFT calculations (figures 4(g)–(l) and (s)–(x)).
Of interest are the regions of high electron density because
they may correlate with chemical reactivity depending on the
reactant and might be used as intentionally made binding sites
[17, 18]. Figure 4 shows that filled states are most pronounced
along the centers of the dimer rows whereas empty states are
split above and below this center line. These features lengthen
with each additional dimer and generally exhibit regularities
in their spatial distribution. In the empty states, addition of
dimers adds one more state in the empty states that resembles
particle-in-a-box-like states (HOMO-n), while for the filled
states this is not observed due to the aforementioned split with
respect to the center line.

Figure 4 shows electron density of the structures that is time
averaged as dimers rapidly switch among two buckled states.
To approximate this effect, DFT results were presented as
equal weighted averages of two buckled configurations, except
for figure 4(u), where the averaging was weighted 80%–20%.
This is because a close inspection of figure 4(o) (3 dimers,
HOMO) reveals a streaky and reduced symmetry buckled tex-
ture. The buckling is characteristic of the Si(100)–2× 1 recon-
struction in which adjacent dimers are tilted oppositely [33–
35]. In the case of figure 4(o), the effect of inelastic electron
tunneling is just large enough to cause switching of buckled
dimers. The 1 and 2 dimer structures are believed to be flip-
ping too rapidly to detect with our limited (∼1 kHz) bandwidth
[16].

Switching rates for buckled configurations decrease as
more dimers are added, due to increased strain-mediated coup-
ling. At room temperature it has been shown that dimers fluc-
tuate freely, unless an asymmetrically placed surface defect
pins adjacent dimers into only one buckled configuration [33].
It is evident that STM current effectively causes local heating
of the surface through inelastic processes.
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Figure 4. Experimental (a)–(f) and (m)–(r) and simulated (g)–(l) and (s)–(x) images of filled and empty molecular orbitals of one, two and
three dimers. Corresponding experimental and theoretical images were put one under the other for ease of comparison and the titles of the
molecular orbitals are indicated on the images. Frame colors are matched with figure 2. A blue-yellow color scale (in arbitrary units) is used
to show STM images (figures (a)–(f), (m)–(r)) and a black-white scale is used for simulated DFT images (figures (g)–(l), (s)–(x)). Image
processing details can be found in Methods. Tip height is set on a hydrogen atom at 1.8 V, 20 pA.

Figure 5. dI/dV line spectroscopies on various lengths of dimer wires. dI/dV signal was acquired along the centerline of 1, 2, 3, 4 and 5
dimers at a height set on a H atom at 1.8 V 20 pA.

We observe no evidence of a symmetric dimer configura-
tion in the experiment or theory. A symmetric dimer has only
a fleeting existence as a transition state among stable degener-
ate buckled configurations. The dominant configurations dur-
ing transport are the two degenerate ground states (which are
perfectly alternating buckled geometries, and are the mirror
reflection of each other w.r.t. the surface-perpendicular median
plane along the length of the wire) and the lowest lying excited
states exhibiting 1 or more kinks—defects separating two
or more segments with perfect zig-zag geometry. Switching
between the two degenerate ground states is intermediated by
the formation of excited states having 1 kink that easily shifts
among different locations along the wire. All of the above con-
figurations exhibit electronic states that are delocalized along

the wire, facilitating transport. Therefore, conduction is by a
mixture of coherent (when the wire remains in the ground
state) and incoherent transport (when the wire is excited in one
of the low-lying states).

A previous study [10] demonstrated that extending dimer
wires reduces the apparent band gap of the structures, caus-
ing longer dimer wires to show more metallic character on
n-type at 77 K. That work revealed numerous key features
that inspired our further exploration of the subject. Moreover,
as atomic device manufacturing is as likely to require p-type
substrates as n-type, we investigated dimers on p-type sil-
icon at 4.5 K. Using the same dI/dV spectroscopic imaging
approaches along lines at the centers of dimers as given in
figure 5. The most striking difference between the previous
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study and our current work is that, in the latter, we lack
metallic high-conductivity in the dopant-depleted subsurface
region. Despite the expected increase in the band gap towards
lower temperatures, the main cause of this difference is the
position of the sample Fermi level. It is apparent that our
heating process during sample preparation resulted in fewer
dopants in the near-surface region, resulting in larger tip-
induced band bending and a larger apparent gap.

Figure 5 also shows the standing wave pattern in the filled
states, confirming that addition of every dimer does create an
equal number of filled states. Similar trends for empty states
are difficult to observe in this data set since the point spec-
troscopies were taken along the centerline of dimers where
some empty states do not show high electron density as seen
in figures 4(b), (f) and (r).

4. Conclusions

In conclusion, we studied silicon dimer wires on the H–
Si(100)–2 × 1 surface with STM and DFT. With each addi-
tional dimer, one filled state is introduced to the valence
band and one empty state enters the band gap. This reduces
the apparent band gap from the conduction band side as the
length of the structure increases. These features exhibit reg-
ularities in their density of states in terms of energetic pos-
ition and spatial distribution. It is our hope that these find-
ings may aid in the progress of silicon-based nanotechno-
logy. Specifically, unoccupied dimer wire states which are
isolated from the bulk states may serve to conduct electrons
between connected source and drain leads that are energet-
ically aligned to access quantized states of the atomic wire.
Both occupied and unoccupied surface states might be used
to direct attachment of adsorbates. These observations high-
light the importance of understanding the electronic proper-
ties of bare silicon dimers for the development of atomic-scale
devices.
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