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ABSTRACT: A single line of dangling bonds (DBs) on Si(100)-2 X 1:H
surface forms a perfect metallic atomic-wire. In this work, we investigate
quantum transport properties of such dangling bond wires (DBWs) by a
state-of-the-art first-principles technique. It is found that the conductance
of the DBW can be gated by electrostatic potential and orbital overlap due
to only a single DB center (DBC) within a distance of ~16 A from the
DBW. The gating effect is more pronounced for two DBCs and especially,
when these two DB “gates” are within ~3.9 A from each other. These
effective length scales are in excellent agreement with those measured in

scanning tunnelling microscope experiments. By analyzing transmission

spectrum and density of states of DBC—DBW systems, with or without subsurface doping, for different length of the DBW,
distance between DBCs and the DBW, and distance between DB gates, we conclude that charge transport in a DBW can be
regulated to have both an on-state and an off-state using only one or two DBs.

KEYWORDS: Dangling bond nanowires, interconnects, atomic scale switch, quantum transport

ngoing miniaturization of electronic devices strongly
depends on discovering, fabricating, and characterizing
nanoscale structures. Recent advances in creating and
controlling silicon dangling bonds (DBs) with atomic
precision' " have pushed this endeavor to truly atomic scale.
On a hydrogen (H) terminated Si(100)-2 X 1:H surface, a DB
is created by removing a single H atom. Such a DB center
(DBC) introduces localized surface states at the middle of the
Si(100)-2 X 1:H band gap, where these localized states are well
decoupled from the electronic structure of the underneath
substrate.”*~"> Engineering these midgap states is a powerful
method for constructing atomic-scale structures having
potential applications as quantum dots (QD)," room temper-
ature cellular automata (QCA),"'®'” interconnects,™*"’
quantum information processing units,”*" etc.
A single line of such DBs on Si(100)-2 X 1:H surface exhibits
a metallic behavior, as concluded by theoretical calcula-
tions.”'¥'¥**7** Since in principle all DBs are precisely
identical in all physical aspects, hence utilizing DB-wires
(DBWs) is a perfect way for achieving atomic wires in the
ultimate size limit'® with similar functionality. It is very
interesting to investigate the possibility of assembling functional
systems by these perfect DBWs. To this end, the first and most
important issue is to understand how charge transport along
such a DBW can be controlled by a gate potential. While it is
perhaps feasible to fabricate, by the most advanced nano-
fabrication techniques, a metal gate that capacitively couples to
a DBW, a very exciting alternative is to gate the DBW by a
single DBC or a few DBCs nearby. According to scanning
tunnelling microscope (STM) experiments of ref 15, which
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studies interaction between different configurations of DBs on
Si(100)-2 X 1:H surface by probing corresponding density of
states (DOS), a single DB can strongly influence DOS of
nearby line of DBs. However, a direct charge transport
measurement along such a line of DBs (DBW) is yet to be
carried out. It is the purpose of this work to theoretically
investigate quantum transport properties of DBWs gated by
DBC using a state-of-the-art first-principles technique.

To accurately determine quantum transport properties of
gated DBWs or, in fact, any semiconductor nanostructures,
first-principles methods face three main challenges. First,
density functional theory (DFT) at local density approximation
(LDA) or generalized gradient approximation (GGA) levels
can not correctly determine band gaps,”” making the calculated
results questionable at these levels of theory. Second,
experimentally it is shown”' that a DB interacts with its
surroundings up to a distance of ~16 A, which demands
systems with large number of atoms for first-principles
calculations. Third, experimental systems contain randomly
distributed impurity dopant atoms, which in principle requires
one to obtain disorder configuration average of any calculated
quantity. To the best of our knowledge, these theoretical
challenges have not been overcome before. In our work, we
meet these challenges by using a state-of-the-art first-principles
approach where DFT is carried out within the nonequilibrium
Green'’s function (NEGF) formalism. Our NEGF-DFT method
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correctly determines the band gap and electronic structures of
$i(100)-2 X 1:H surface by a semilocal exchange potential, it is
extremely efficient such that gated DBW systems with up to
4872 Si atomic sites were investigated, and the doping disorder
is handled by an advanced nonequilibrium coherent potential
approximation (NECPA). This powerful first-principles
technique allows us to self-consistently and quantitatively
predict quantum transport properties of gated DBWs sitting on
doped Si(100)-2 X 1:H surfaces.

Our results show that quantum transport in gated DBW is
markedly different from that without gating, indicating
significant electrical control of charge current, even though
the gate is only a single DB. We found that the transmission
spectrum of DBW is tunable by factors such as the number of
nearby DBCs acting as a gate, the distance between DBC and
DBW, as well as the interseparation distance between gating
DBCs. Our calculation indicates a direct coupling interaction
between DBC and DBW up to a distance of ~16 A, consistent
with findings in STM experiments.”"

Before presenting the results, we briefly outline the NEGF-
DEFT technique used in this work. The NEGF-DFT formalism,
known as the most widely applied method for calculatin
quantum transport properties from atomic point of view,”
consists of carrying out a DFT-like self-consistent analysis with
a density matrix obtained by NEGF. We refer interested readers
to the original literature for details of this formalism.’””" In this
work, the modified Becke—Johnson semilocal exchange
potential®® is used in our NEGF-DFT calculation, which
correctly determines band gap of many semiconductors and
insulators, band dispersions,‘3 and band offsets.** In particular,
it correctly produces 2.0 eV band gap of Si(100)2 X 1:H
surface.’ Furthermore, for capturing the effect of impurity
atoms and configurational average process, we use a recently
developed nonequilibrium coherent potential approximation
(NECPA) theory,”*® which avoids the brute force computa-
tion by analytically deriving an ensemble averaged transmission
coeflicient in terms of averaged Green’s functions and vertex
corrections due to multiple impurity scattering.35’36 NECPA
theory allows configurational averaged physical quantities to be
obtained by only a single first-principles numerical calcu-
lation.””~*" These theoretical approaches have been imple-
mented in NEGF-DFT quantum transport simulation package
Nanodsim,” which is based on linearized muffin-tin orbital
(LMTO) flavor of DFT within atomic sphere approximation
(ASA) to drastically enhance the computation efficiency. This
allows us to consider systems as large as 4872 Si atomic sites in
the self-consistent NEGF-DFT iteration for investigating the
gating effect of a DBW.

We start by optimizing an eight layer Si(100)-2 X 1:H slab
fully terminated at the top and bottom by H atoms. The
optimization unit cell includes a vacuum region of ~13 A in the
out-of-plane direction to isolate the periodic images of the slab.
More details on the structure can be found in Supporting
Information. Structural relaxation is performed using the
projector augmented wave (PAW) method as implemented
in VASP electronic package™ with a planewave cutoff of 430
eV, an 11 X S X 1 k-mesh according to the Monckhorst—Pack
scheme,™ and LDA as exchange-correlation, until residual
forces are smaller than 0.01 eV/A per atom.

To build a two-probe DBW transport junction, the relaxed
Si(100)-2 X 1:H unit cell is first widened three times in the x-
direction to construct the yellow dashed-line region shown in
Figure la. This dashed region is then periodically extended to z
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Figure 1. (a) Top view and (b) side view (at wire’s cross-section) of
the two-probe transport junction. The supercell used for constructing
the two-probe system is shown within the dashed-yellow line box
(~23 A in width), which is three times as large as a Si(100)-2 X 1:H
unit-cell in the x-direction. The two-probe structure is generated by
repeating the supercell box to z = +00, and it has three parts: the left/
right leads, the left/right buffer layers, and the central scattering
region. NEGF-DFT self-consistent calculation includes all the atoms of
the latter two parts. The Si and H atoms and DB are represented by
blue (green in leads), white, and red spheres, respectively. Impurity
atoms are randomly distributed in central scattering region (gray
spheres). DBWs with lengths ranging from 3DB to 10DB (~7.7 to
~34.6 A) are investigated.

+00 to obtain the corresponding transport computational
box as shown in Figure lab. The infinitely long transport
junction is naturally divided into three regions: left/right leads,
which respectively extend to z = +00, and a central scattering
region. It is only in this central region where gating DBCs and
randomly distributed impurity atoms reside. These regions are
shown by different colored atomic spheres in Figure lab in
which the DBW is shown® as the chain of red spheres
extending from z = —oo to +00. In NEGF-DFT analysis, the
transport junction is periodic along x,y directions. Importantly,
periodic images of DBWs along the x-direction are ~23 A apart
from each other and a large vacuum is included in out-of-plane
y-direction, which provides excellent isolation of periodic
images of DBWs. Even though such a periodic extension
helps to significantly reduce the size of the system by using k-
sampling along x,y-directions, the number of atoms included in
our self-consistent NEGF-DFT method, i.e., those in central
scattering region and buffer layers (see Figure 1), is still
extremely large from first-principles point of view. The Fermi
level across the two probe structure is aligned by doping the
leads to the same impurity concentration as central scattering
region using virtual crystal approximation (VCA).** The
LMTO-ASA method used in NEGF-DFT transport calcu-
lations utilizes an s,p,d basis including nine orbitals per atomic
site. More details of the ASA and its accuracy are included in
the Supporting Information. Finally, a 3 X 1 X 15 k-mesh is
used for calculating the line-width functions of the device leads,
a 3 X 1 k-mesh for converging self-consistent NEGF-DFT two-
probe transport structure, and a 4 X 1 k-mesh in evaluating the
transmission coeflicient where all the mesh sizes are verified to
produce converged numerical results.

Before presenting the result for gated DBWs, we start by
examining transmission function T(E) versus electron energy E
for DBWs of 3 to 10 DBs long (~7.7 to ~34.6 A). Figure 2a
shows calculated T(E) of an ideal DBW (without any impurity
doping in the Si surface), which actually does not depend on
DBW length, as expected from ballistic transport. T(E) of these
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Figure 2. (a) Transmission spectrum T(E) of a 34.6 A long DBW containing 10 DBs (10DBW) on clean Si(100)-2 X 1:H. The Fermi level is shifted
to the origin of energy E. Transport due to substrate valence (conduction) band starts at ~—1.12 eV (~0.62 eV), while the nonzero T(E) within the
gap region (from ~—0.26 eV to ~0.20 €V) is due to midgap states of the DBW. T(E) of a DBW has two distinct energy regions based on the
number of available transport channels: a 1-channel energy range (e.g., energies like E, and E,) and a 2-channel energy range (E;). (b) Top view and
(c) side view of color-coded PDOS corresponding to the three energies E;, E,, and E;. Brighter spots indicate regions with higher DOS in the
system. In 1-channel energy range, transport is highly localized on the DBW; whereas in 2-channel energy range, transport penetrates into the

substrate for about two Si layers and spans over a larger surface area.

ideal DBWs is divided into a 1-channel and a 2-channel energy
range, providing 1 and 2 propagating Bloch states, respectively.
In order to further analyze these energy channels, we calculate
projected density of states (PDOS) at three different energy
points, indicated by E,, E,, and E; in Figure 2a. According to
Figure 2b,c, PDOS shows that in 1-channel energy range (ie.,
points E;, E,), transport states are largely localized over surface
DBs with only minor extension beneath the surface atoms,
namely, the current is confined to the width of a single Si atom,
forming a one-dimensional (1D) surface current. This behavior
can be attributed to through-space coupling of DB orbitals.”***
However, in 2-channel energy range (i.e., point E;) there is a
second propagating state (in addition to highly localized state
over DBs), which spans over a larger surface area and
penetrates into the substrate for about 2 Si layers, thus the
electric current is partially carried by both the DBW and
adjacent Si atoms in the subsurface.

Having understood transport characteristics of ideal DBWs,
we now investigate the role of impurity doping by randomly
inserting n-type (phosphorus) and p-type (boron) dopant
atoms in central scattering region of two-probe transport
junction (see Figure 1), at experimentally' reported concen-
trations of ~5 X 10" cm™ and ~1 X 10*° cm™. As is shown in
Figure 3a,b, transmission is decreased by increasing the
impurity concentration. This effect is larger in 2-channel
energy range, which is due to the fact that its transport states
extend beneath the surface where impurity atoms are located.
Furthermore, as can be seen in Figure 3c,d, increasing the
length of DBW at a fixed impurity concentration lowers the
transmission in the same fashion, which is due to a higher
number of scattering centers available in the system
corresponds to longer DBW.

After presenting transport properties of ideal DBWs and
DBWs on doped surfaces, we now investigate gating effect of
DBCs located in vicinity of a DBW. These DBCs can be
created intentionally in experimental devices. According to
Figure 4a, placing a DBC at a distance of ~7.69 A from the
DBW causes major variations in T(E), indicated by a sharp
drop at E; as well as a complete removal of the second
transport state in 2-channel energy range, i.e, a DBC creates a
strong gating effect to the DBW. This effect is due to coupling
between continuously propagating states on the DBW and
localized states on the DBC. A DBC can be considered as an
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atomic size quantum dot (QD) that interacts with its
surrounding medium. For the DBW—DBC system shown in
Figure 4a, quantum levels of DBC are broadened due to
interaction with the DBW where peak of DOS is located at E;.
Consequently, for injected electrons at a given energy, final
transport coefficient is determined by amount of DOS available
at DBC as well as DBW—DBC coupling strength, which
depends on spatial extension of continuum and localized states
of the wire and DBC, respectively. In particular, T(E) drops to
essentially zero at energy E; = 0 since DBC has a large DOS at
the same energy (see the panels in Figure 4a). The large DOS
of DBC at this energy provides a large coupling to the DBW,
which affects the transport consequently. In addition, the
second transport state in 2-channel energy range is highly
suppressed because its larger spatial extension allows a strong
coupling to the DBC, even if the DBC only provides a small
DOS at energy E,. We also observe that displacing the single
DBC parallel to the wire, while keeping the DBW—-DBC
distance fixed, precisely results in the same T(E). Quantita-
tively, by moving the DBC away from the DBW, our calculation
predicts that the gating effect vanishes for DBW—-DBC
distances larger than d. ~ 15.4 A. This predicted d, value is
in excellent agreement with several experimental reports that
analyzed interactions of DB clusters using STM.""

The gating effect can be tuned by including a second DBC,
say at the same distance from the wire. Our calculation shows
that these two DBCs are essentially uncoupled when their
interseparation distance is larger than ~7.7 A. Once uncoupled,
they act as two identical atomic QDs having the same energy
levels. Therefore, as can be seen in Figure 4b, this combined
system still contains only one DOS peak at E,, although it is
distributed over two different locations on the surface,
corresponding to two DBCs. This in turn causes only one
major drop in T(E,): though it could not be discerned in Figure
4b, T(E,) numerically drops to a smaller value in comparison to
the case of one DBC. In other words, when two DBCs are far
apart (thus uncoupled), they generate a gating effect rather
similar to the system with one DBC.

We also observe that reducing the interseparation distance of
DBCs results in their coupling with each other. For instance, at
distance of 3.9 A, a strong DBC—DBC coupling splits the
degenerate energy levels of DBC into two distinct energy levels
with major DOS at E; and E, (see Figure 4c). This explains the
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Figure 3. T(E) of 10DBW in the presence of (a) n-type (phosphorus)
and (b) p-type (boron) impurity doping in the substrate.
Experimentally reported concentrations of ~5 X 10" cm™ (0.2%)
and ~1 x 10*° cm™ (0.4%) are shown by dotted-blue and dashed-
green lines, respectively. Also, T(E) of the corresponding clean system
is shown by a solid-red line for comparison. Impurity scattering slightly
decreases T(E), and the effect is relatively larger for the 2-channel
energy range. Transmission curves are shifted to the left (right) due to
the n-type (p-type) doping. (c,d) T(E) of n-type and p-type systems
where, for a fixed 0.4% impurity concentration, the length of DBW is
increased from 3 DBs to SDBs to 10 DBs (7.7 to 34.6 A) shown by
solid-red, dotted-blue, and dashed-green lines, respectively.

appearance of two dips’’ at E; and E, in T(E) since now the
combined DBC—DBW system provides two DOS peaks at two
different energy points. We also observe an interesting
anisotropic interaction between DBs on Si(100)-2 X 1:H
surface: while DBC—DBW couples (an interaction perpendic-
ular to dimers row) up to a distance of ~16 A, DBCs only
couple with each other (an interaction along dimers row)
within a distance of ~3.9 A. Therefore, on Si(100)-2 X 1:H
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Figure 4. (a) T(E) of a 10DBW gated by a single DBC located at 7.7
A from the wire, together with the schematic of corresponding system
and calculated PDOS at E, and E, (vertical panels). The legend “0G,
1G, 2G”" means zero to two DBC gates. Also, the wire and the DBCs
are shown by red spheres. The gated DBW has a transmission dip at
E,, which persists to a distance of ~16 A between the DBW and DBC.
Large DOS provided by the gate at E; can be seen as the bright spot
located at gate’s position in related PDOS panel. (b) T(E) with two
DBCs located at 7.7 A from the wire, where the two DBCs are 7.7 A
apart from each other. (c) T(E) with two DBCs at ~7.7 A from the
wire, but ~3.9 A apart from each other, the strong coupling between
the two DBCs gives rise two distinct transmission dips that are
perfectly correlated with the overlapping DOS peaks at E; and E,
(third panel). In the fourth panels, tight-binding results are shown that
qualitatively capture the main transport features of gated DBW.

surface, DBs interact significantly stronger in direction
perpendicular to the dimer row than along it. This anisotropy
is also observed in experimental STM measurements studylng
interaction between DBs on Si(100)-2 X 1:H surface."

In order to further demonstrate the nature of the gating
mechanism, in the Supporting Information, we introduce a
tight-binding model consisting of a linear chain of single orbital
“atoms” coupled to identical one-orbital DBCs. By fitting
appropriate parameters to our first-principles results, main
features of NEGF-DFT results shown in Figure 4 are
reproduced. More information regarding this tight-binding
model is provided in the Supporting Information.

Finally, Figure S shows T(E) of DBW—DBC systems in the
presence of p-type (B) and n-type (P) dopants randomly
distributed in the substrate. General transport features are
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Figure S. Effects of 02% p-type (B) and n-type (P) dopants
distributed within the substrate of DBC—DBW system of Figure 4,
shown by blue-dashed and red-dotted lines, respectively. Black-solid
line indicates T(E) of the corresponding clean system for comparison.
T(E) is slightly reduced due to impurity scattering. (a) A single-gated
DBW, (b) an uncoupled double-gated DBW, transmission dip stays at
the Fermi level, and (c) a coupled double-gated DBW, transmission
dips are shifted since doping affects energy level splitting of coupled
DBCs.

preserved although impurity scattering slightly alters T(E). As
can be seen in Figure Sa,b, transmission dips still appear at the
Fermi level in doped systems. As we expect, p-type (n-type)
doping shifts the Fermi level down (up). Since energy levels of
DBCs experience the same shift, DOS peak on DBCs remains
at the Fermi level of the system. This also causes a shift in split
energy levels of coupled DBCs since their energy level as an
DBC is now changed due to doping (see Figure Sc).

In conclusion, T(E) of DBWs fabricated on Si(100)-2 X 1:H
surface can be divided into a 1-channel and a 2-channel energy
range. In 1-channel range, transport states are highly localized
on the DBW; in 2-channel range they are spanned over a larger
surface area and also penetrate into the substrate. As a result,
impurity scattering from dopant atoms, which are distributed
within the substrate, leads to a small reduction of transmission
along the DBW with relatively a larger impact in 2-channel
energy range. Importantly, this finding suggests a good stability
of surface current carried by the DBW. Furthermore, existence
of DBCs up to a distance of ~16 A from the wire strongly alters
T(E), which is characterized by appearance of transport dips.
Utilizing this effect provides a completely new way for gating
the DBW by only using atomic-size DBCs. Our results show
that this gating effect is entirely controlled by number of DBCs,
their distance from the wire, and corresponding distance
separating DBCs from each other. We also predict that, on
Si(100)-2 X 1:H surface, interaction between DBs perpendic-
ular to the dimer row is stronger than their interaction along
the dimer row, with effective distances up to ~16 and ~3.9 A,
respectively. Our first-principles calculations are in excellent
agreement with several STM experimental studies regarding
interaction of DBs on Si(100)-2 X 1:H surface. Given the
narrow energy width of T(E) (~0.4S €V) and sharp transport
dips at very small values (~107%) in DBC—DBW systems, our
proposed gating mechanism could provide a promising
approach for achieving low power electronic switches at atomic
limit. In general, tuning the energy levels of the DBC(s) can be
used to switch between “on” and “off” states of such an atomic
system. For example, capping or unca7pping the DBC gate by
absorbing or desorbing a molecule'” results in removal or
reappearance of the DBC state, hence switching between the
“on” and “off” states of the DBW. This suggests application of
DBC—DBW system as a single molecule detector. Calibration
of such a single molecule sensor can be done against other
effects such as the molecule landing on the DBW itself. Another
interesting possibility is to exploit the sharp features of the
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T(E) near the Fermi level in the DBW—DBC system for
thermoelectric effects since the Seebeck coeflicient is propor-
tional to dT/dE. In this way, the results presented in this work
point to the attractive possibility of engineering controllable
atomic-scale devices with desired functionality.
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