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Abstract: In the present study, we investigate the influence of boron (B) and phosphorus (P) (p- and
n-type, respectively) doping on the electronic properties of ultra-thin silicon nanowires (SiNWs) by
gradient-corrected density functional calculations with the Perdew—-Burke-Ernzerhof (PBE) approx-
imation. In the limit of very small diameters (5-8 A), both pristine and highly active unsaturated
SiNWs with orientations along the [001] and [111] directions exhibit electronic states around the
Fermi level, indicative of conductive properties. Conduction is further enhanced by the introduction
of doping atoms, as demonstrated by the relative change in the band structures of SINWs with and
without B and P doping. This investigation provides an important insight into the electronic states of
SiNWs, which are candidates for future electronics or sensing applications.
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1. Introduction

Recent advances in the experimental investigation of silicon nanowires (SINWs) have
paved the way to a manifold of formation techniques and to the use of SINWs in a multitude
of applications, which range from electronic sensing, even down to the attomolar regime
over employing the high surface-to-volume ratio for energy storage in batteries to energy
harvesting in thermoelectric devices [1-5]. The journey from understanding the physics of
how nanowires work to finding practical uses for them has led to many benefits for the
wider research community in materials, chemistry, and engineering.

To name the most advanced fields, silicon-based nanostructures have been widely
studied in the past 30 years as potential candidates for transistors [6-8], tunneling diodes [9],
biological sensors [1,10-16], catalysts [17,18], and even quantum computer hardware [19],
which have contributed to many new applications. Controlling the electronic properties of
nanostructures [20] is critical when developing these applications.

One of the most studied aspects of SINWs, which relies on the first-principles formal-
ism, regards their structure-dependent electronic properties, particularly the dependency of
the electronic states on the diameters and crystallographic orientations. For example, it has
been observed that the electronic and optical properties of silicon nanowires (SiNWs) are
highly sensitive to particular crystalline orientations, which lead to different band folding
along the wire and to different quantum confinement with respect to the diameter [21].

This is evidenced by Svizhenko [22] and coworkers, who showed using tight binding
modeling, that the band structure has a significant effect on the transport properties of
SiNWs along different crystallographic directions. Similarly, Neophytou [23] and coworkers
showed that the valence and conduction band splitting caused by the gate voltage affects the
conductivity of wires in different orientations with variations of several orders of magnitude.
Numerically demanding first-principles calculations on the electronic properties of SINW
devices with diameters above 10 nm exhibited physical properties that did not strongly
depend on material sizes due to the lack of quantum confinement [24].
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Fuchs et al. [25] provided a generalized gradient-corrected DFT study with the Tran
and Blaha [26] mGGA potential and to determine the band gaps of SINWs with different
diameters and orientations. They observed that the density of states was highest at the
SiNW center and decayed towards the surface, leading to more localized electron transport
than hole transport. For SiNWs, the transport channels spatially followed zigzag-shaped
silicon chains along the wire, while being transported radially, and the transport was limited
by the band gap increase towards the wire surface. Therefore, SINWs with relatively small
diameters revealed anisotropic emerging electronic properties; these are quite interesting,
given the industrial need for device miniaturization and the strong correlation between
physical properties and sample sizes [25]. Specifically, this finding was in line with the
synthesis of ultra-thin [001] SINWs with diameters between 1.3 nm to 7 nm via an oxide-
assisted growth method, in which SiO powder was heated to 1200 °C in an alumina tube
by Ma et al. [27] or with transport measurements on SiNWs created along the [100], [111],
or [110] directions [28].

Holmes et al. [29] synthesized SINWs with diameters of 4 to 5 nm in both a [100]
and [110] orientation by thermally degrading diphenylsilane in sc-hexane (supercritical
temperature T, = 235 °C and pressure P, = 530 bar) at 500 °C and 200 or 270 bar in an
inconnell high-pressure cell. Wu et al. [30] grew [110], [111], and [112] SINWs down to
3 nm in diameter, by chemical vapor deposition (CVD) using gold nano-clusters as the
catalysts and silane (SiHy) as a vapor-phase reactant.

The diverse array of established synthesis methods for SINW growth, such as CVD and
solution-based techniques, coupled with the well-documented growth mechanisms—vapor-
liquid-solid (VLS), vapor-solid—solid (VSS), and solution-liquid-solid (SLS)—facilitates
the widespread fabrication of SINWs. Theoretical studies using ABINIT software, which
employs density functional theory (DFT) and ab initio molecular dynamics, provided
deep insights into the electronic structure and mechanical properties of Si NWs. The
theoretical findings align well with the experimental data, enhancing the understanding of
solid electrolyte interphase (SEI) formation and the dynamics of alloying and dealloying
processes, making them suitable for various operando analytical techniques [31-34].

Moreover, controlling doping is essential for semiconducting device manufacturing,
as the corresponding band gap changes drastically with the doping concentration and its
relative distribution [35-40]. Common doping schemes for very thin nanowires employ
the modulation of the electrostatic potential provided by a passivating SiO, or hBN shell
around SiNWs by including additional ions such as AI** or Mg?* [41,42]. This route
prevents strong local composition changes inside the wire, which may become crucial
in ultra-thin semiconductor wires, as the electronic properties of SINWs could then be
controlled by the presence of dopants acting as impurities. However, modulation doping
is only possible in the presence of an encapsulation shell, which may, in turn, reduce the
sensing capability of the wire. Hence, the present simulation addresses this aspect by
employing structure models from pure silicon without further passivation as a starting
point for potential targeted surface functionalization. Earlier DFT studies on Germanium
nanowires suggest that both dopant and surface states bear the potential to modify and tune
the sensing potential of semiconductor nanowires [43]. Similar DFT studies investigated
the properties of ultra-thin, hydrogen-passivated SiNWs oriented along the [001] direction,
their doping with boron, their interaction with molecules and the modification of their
properties by the presence of adsorbates [44].

DEFT calculations reveal the stability of nano-wires made of endohedral MSi12 cage-
like molecules, especially with light transition metals (M = Fe, Ni, Co, Ti, V, and Cu).
These nano-wires, stabilized by metal atoms along their axes, resemble Si-based versions
of carbon nanotubes with hexagonal cross-sections. Regardless of the metal, longer nano-
wires exhibit decreasing HOMO-LUMO gaps, suggesting metallic behavior suitable for
self-assembled nano-devices [45].

Oliveira et al. theoretically determined the static dipole polarizabilities and optical
response of M@Si12 (M = Ti, Cr, Zr, Mo, Ru, Pd, Hf, and Os) and M@Si16 (M = Ti, Zr, and Hf)
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clusters using ab initio plane-wave DFT calculations. The optical gaps were calculated with
the frequency-dependent GW approximation, allowing for efficient treatment of d and f
orbitals with a low computational cost. The results showed that Ti@Si12, Cr@Si12, Zr@5il2,
Mo@§5i12, Ru@Sil2, Pd@Sil12, Hf@Si12, and Os@Sil12 clusters were semiconducting with
large energy gaps, influenced by caging effects and the size of the encapsulated metal
atom. Additionally, M@Si16 clusters exhibited enhanced electronic stability and similar
HOMO-LUMO gaps compared with M@Si12 clusters, suggesting potential applications in
tunable optoelectronic nanodevices [46].

In the present study, the electronic properties of both [001] and [111] oriented ultra-thin
pristine SINWs are investigated via first-principles calculations, and the influence of doping
by boron (B) or phosphorus (P) atoms on the electronic properties will be analyzed.

2. Model Systems

All nanowire structures, pristine SiNWs oriented along the [001] and [111] directions,
and their B and P-doped analogues were built using the software VESTA [47]. Initially,
we started with a primitive unit cell of bulk silicon (Si), as published in the American
Mineralogist database [48]. The optimized structure represented the building block, from
which we constructed well-defined (oriented) SINW supercells either by exposing the
(001) or (111) plane. That step was followed by constructing the nanowires in the desired
direction, which was oriented along the Z axis, and periodic boundary conditions were
applied in all three spatial directions. A vacuum space of 15A was added in both X and Y
directions to ensure that the model structures represented truly one-dimensional SiNWs.
This vacuum space was large enough to eliminate the interactions between the nanowire
and its periodic replicas in the adjacent simulation cells. For the [001] SINW, the repeated
structural unit contained 13 atoms, while in the case of [111] SINWSs, there were 22 atoms in
the supercell. To investigate the effect of doping, we replaced one silicon atom with either
one B or P atom and we investigated the symmetrically inequivalent positions separately.

In the present investigation, the atom positions of the bulk-derived starting struc-
tures for the pristine SINWs were structurally relaxed according to the forces obtained
from first-principles employing gradient-corrected density-functional band-structure
calculations. Those relaxed pristine structures served as starting points for the further
optimization of B- and P-doped SiNWs. The so-obtained atom configurations were
the stable minima of the total energy hypersurface; despite the relaxations, they still
exhibited the same local coordination of the constituent atoms along the wire direction
as the starting structures. The resulting structures are depicted in Figure 1 for the [001]
direction and in Figure 2 for [111].
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Figure 1. The atomic structure of: SINWs[001] with P, SiNWs[001], and SiNWs[001] with B; Si atoms
are shown in blue, B atoms in green, and P atoms in grey.
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Figure 2. Atomic structure of SINWs[111], SiNWs[111] with B, and SiNWs[111] P in positions a, b,
and c. Si atoms are shown in blue, B atoms in green, and P atoms in grey. a, b, and ¢ denote the
substitution of dopant at three different positions on SiNWs[111] structures.

We emphasize that the present investigation with the respective small number of atoms
reflects only the very core of potential nanowires that can be realized in experiments, due
to the lack of technical capabilities of building and stabilizing a similar miniature structure
without further embedding. Nevertheless, the study may be generalized to investigate
nanowires with larger diameters and different types of coupling to a passivation shell.

3. Quantum Computational Methods
3.1. Total Energy Method

Solving the Schrodinger equation for many-body systems enabled us to obtain many
properties of a system composed of N-interacting electrons in the external potential of the
nuclei. The equation of the Hamiltonian is given as:

Hy(#,...,7n,) = Ep(F1, ..., Fay) (1)
In this context, the Hamilton operator can be written as:

2 2 Nel

Nel
I:I: 2 A‘f'zvext ?1 + = 2
i

175] |7 — 1’]| @
where 7; represents the coordinates of electron i, A; denotes the Laplacian operator with
respect to the coordinate 7;, while Vey (7;) refers to the external potential acting on the
electrons and is parametrically dependent on the nuclear positions. To obtain a numerical
solution for the Schrédinger Equation (1), it is necessary to use an efficient electronic
structure method. One such method is DFT, based on the seminal works by Hohenberg
and Kohn, and Kohn and Sham [49,50].

This approach establishes a direct relationship between the electronic charge density
p(7) in the ground state and the external potential Vex(¥). Therefore, as the many-body
wave-function of the ground state is also determined by the external potential, all physical
properties of the system in this state can be described as a functional of the electronic
charge density. In particular, the total energy of the ground state plays a significant role in
determining various characteristics of the system, and can be expressed as an expectation
value of the Hamiltonian on its wave-function Y. By utilizing this approach, we can
express the total energy as a functional of the electronic density [49,50].

Elo(7)] = (Yo | 1| ¥o) = Flo(7)] + / Vet (7)p (7) 3)

In Equation (3), the integral is evaluated across the entire volume V of the system,
where F[(r)] is a universal functional of the density determined by the ground state’s expec-
tation values for kinetic energy and electrostatic electron repulsion terms. The functional
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E[(r)] is minimized with regards to the electronic density, under the condition that the
number of electrons N, remains constant.

[ p®d’r = Ny (4)

This gives the ground-state total energy and the electronic density. Kohn and Sham
(KS) [50] proposed a novel functional that transforms the many-body problem into a prob-
lem of non-interacting electrons while maintaining the ground-state electronic density, as
the specific form of the universal functional F[p(7)] remains unknown. This new functional
can be derived by reformulating the second term in Equation (3) as shown in [49,50].

Flo(7)] = Tolp(7)] + Er + Exc[o(7)] (5)

where, the total energy of a system of non-interacting electrons is composed of three
terms. The first term represents the kinetic energy; the second term takes into account the
classical Coulomb interaction between a spatial charge distribution p (r); and the third
term accounts for the exchange-correlation energy [49,50], with its functional from being
unknown. Therefore, in solving the many-body problem, the accuracy will ultimately
depend on the quality of this approximation. Upon substituting this new functional
expression, the total energy in Equation (3) is now:

E[o(7)] = (Yo | H | ¥o) =

Tolp(P)] + Exx + Exclo(F)] + / Vet (7)p(7)dr ©)

Using this approach, the structural, energetic, and electronic properties of silicon
nanowires and those influenced by substitutional B and P atoms are calculated here from
first principles.

3.2. Computational Methods

All nanowires in the present study were simulated using first-principles total energy
electronic structure calculations based on the DFT, as implemented in the program package
ABINIT [51].

In accordance with prior calculations on conducting silicon nanowires (e.g., in
refs. [17,52-54]), the generalized gradient approximation (GGA) in the parametrisation by
Perdew, Burke, and Ernzerhof (PBE) [55] was employed, which also served as a reference
functional for round-robin tests of density-functional implementations, because it pro-
vides a good overall representation of the structural and electronic features of crystalline
materials and nanostructures [56]. Compared with functionals such as revised PBE ver-
sions that were specifically parameterized to experimental adsorption energies [57,58], the
standard PBE functional has been observed to yield, in particular, structural properties in
better agreement with data from experiment and from high-level ab initio calculations [58].
A cutoff energy of 20 Ha was applied for bulk silicon (Si) and nanowires, along with
Monkhorst-Pack k-point grids (6 X 6 x 6) for bulk Si in the standard cubic cell and
(1 x 1 x 8) for SiINWs to ensure the convergence of the total energy within 10~® Ha per
atom. In the geometry optimizations, all atomic positions are fully relaxed until the absolute
value of force acting on each atom is less than 5 x 10~¢ eV /A.

To describe the interaction between the ionic cores and the valence electrons, norm-
conserving pseudopotentials were used; those pseudopotentials were generated with
the PBE functional for the atom configurations Si[1s22s22p®]3s?3p?, B[1s?]2s?2p?, and
P[1s22s22p®]3s23p?, as provided by the abinit repository [59]. Even though very thin, SINWs
exhibited a band dispersion along the wire direction, which is calculated by finding the
energy eigenvalues of the total Hamiltonian with respect to the k, vector. The corresponding
results are shown in the following section.
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4. Results And Discussion
4.1. Structural Properties

All atomic positions and lattice parameters of bulk silicon (5i), pristine SINWs [001],
and SiNWs [111], and the doped ones with B and P, were completely relaxed (opti-
mized) by minimizing the total energy and atomic forces. However, the relaxation of the
nanowire along its central axis was the most significant as it determined the band structure.
Figures 1 and 2 display the atomic structures of the two nanowire types after the optimiza-
tion. The fundamental difference between the two wires is given by the arrangement of
the Si sp3 hybrid bonds with respect to the direction of the orientation along the wire.
The resulting specific connectivity of the silicon atoms and their surroundings and the
alignment with the wire direction create a unique local structure that has been shown to
correlate with the charge conductance channels within thicker wires [25]. The equilibrium
lattice constant (ap) for Si was obtained and compared with the literature, as shown in
Table 1. It was used as a reference to discuss the structural features of the nanowires, in
particular the periodicity along the wires.

Table 1. The calculated equilibrium lattice constant () and band gaps (Ag) of bulk silicon. Theoretical
and experimental values are provided for comparison.

ap Ref. Ag Ref.
GGA 5.46 our work GGA 0.607 our work

LDA 5.41 [60] BLYP 1.39 [6]
LDA 5.4 [61] PW91PW91 1.13 [6]
LDA 5.38 [62] BPW91 1.15 [6]
PBE 5.47 [63] BPBE 1.13 [6]
Exp. 5.43 [64] B3LYP 2.02 [6]
LSDA 0.95 [6]
GGA 0.59 [6]

Exp. ~1.17 [65]

As shown in Table 1, our value of g for the Si bulk was compatible with the values
obtained by both experimental and theoretical studies with the same and similar exchange
and correlation functionals. For further correlation of the structural and electronic features,
the valence electron density of the SINW, as calculated by the ABINIT code, was analyzed
by the cut3d utility, which forms part of the ABINIT distribution. Cut3d utilizes a trilinear
interpolation technique to calculate the density, using a Fast Fourier Transform (FFT) to
divide the space into small rectangular parallelepipeds. Moreover, cut3d enables data
interpolation along a line, enabling us to obtain the density, density gradient, and density
Laplacian along a specified line. This method improves the precision and effectiveness of
generating a spatially well resolved representation of the density files produced. Thus, we
obtained the density for the optimum lattice constants of the oriented SINWs[001], [111],
and the doped ones, as shown in Table 2.

From the table, we note that along the c axis, which is the wire direction, all silicon
nanowires exhibited a slightly reduced lattice spacing compared with the bulk silicon as a
result of confinement effects and surface interactions within the nanowire structure [66]. In
accordance with the bulk crystalline lattice, the optimized repeat unit along [111] was nearly
/3 times as large as the one found for the [001] wire. Reflecting the four-fold symmetry of
the (001) direction of pure silicon, even the ultra-thin, pure [001] wire maintained a square
cross-section geometry. Similarly, the cross-section of the [111] wire exhibited an a:b ratio of
approximately 1:1/3; hence the pure wires were structurally rather close to the bulk crystal.
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Table 2. Lattice constants of SINWs[001] and SiNWs[111] doped with B and P.

Lattice Constants

a(d) b (A) c(A)

SiNWSs[001] 20.43 20.43 5.43
SiNWSs[001]-B 20.43 20.43 5.43
SiNWSs[001]-P 20.43 20.43 5.43
SiNWs[111] 18.84 21.65 9.40
SiNWSs[111]-B(a) 18.84 21.65 9.40
SiNWSs[111]-B(b) 18.84 21.65 9.40
SiNWSs[111]-B(c) 18.84 21.65 9.40
SiNWSs[111]-P(a) 18.84 21.65 9.40
SiNWSs[111]-P(b) 18.84 21.65 9.40
SiNWSs[111]-P(c) 18.84 21.65 9.40

Yet, already tiny discrepancies in interatomic distances may result in alterations
of the physical and electronic characteristics of silicon nanowires in contrast with bulk
silicon already for the pristine wires, which may be exploited for sensing. Even stronger
changes in the local coordination were obtained when doping the wire substitutionally
with heteroatoms. In particular, the introduction of a dopant with an ionic radius different
from that of the host atoms locally leads to strong lattice expansion or contraction [67].
Here, the ultra-thin wire geometry has the advantage of also stabilising very small or large
dopant atoms, because such strains can be accommodated locally by radial relaxation, and
no long-range lattice deformations occur, which would hamper doping the 3D extended
bulk phase. To study the influence of the atomic radius, we chose P as a dopant atom from
the same row of the periodic table as Si, and compared the influence on the local bonding
environment with the considerably smaller B atom. Full geometry relaxation of all of the
investigated structures led to the stable wire geometries depicted in Figures 1 and 2. For
the three different doping sites in the (111) wires, the small B dopant favoured the position
in the center of the wire, whereas the larger P atom found its most stable position at the
wire surface. Extrapolating this observation to thicker Si nanowires, this implies that radial
doping profiles with B in the center and P at the surface or interface to a passivating oxide
or nitride coating would be favoured over doping subsequent segments, and that the latter
device geometry may experience a thermodynamic driving force towards interdiffusion of
the dopants at the interfaces between the segments.

In detail, Table 3 summarises the local bond lengths in the first coordination shell
around B and P dopants with respect to the corresponding pure Si wire for all of the
investigated structures. The strongest local structure changes were observed for the highly
coordinated dopant positions in the centre of the wires, followed by the undercoordinated
position on the wire surface. Substitutional B doping unequivocally led to a significant
reduction in bond lengths by 15% to 24%. In contrast, the local bond length changes for P
varied by a smaller amount, and amounted to reductions by 2% to 7%. In addition, for P,
two outliers with considerable expansions of up to 18% occured for the central position of
the [001] wire, where the local coordination sphere around P tended to be four-fold with
slightly reduced Si-P distances instead of the six-fold one in the pristine Si and the B-doped
nanowires. The structural trends observed here reflect the changes obtained recently by
Guo et al. [18] in a study on nitrogen activation by thin, pristine, and surface-doped
hydrogen-terminated SINW with the RPBE functional: For boron as the surface dopant, a
significant reduction in bond lengths in the environment and a concomitant local reduction
in the diameter was found, whereas for phosphorus, the local structure changes were minor
and tended towards the longer side [18].

As an overall trend, already the coordination environment in both pristine nanowires
exhibited a reduced symmetry, which resulted from the slight longitudinal contraction
of the supercell along the c direction and the concomitant radial expansion of the bond
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lengths by 1% to 4% with respect to the pristine bulk Si. This effect was enhanced by both
dopants, but in different manners: for the [001] wire, the radial structure change reflected
mostly the size effect of the dopant and maintained the two-fold symmetric distortion
of the pristine wire, whereas the three-fold symmetry of the [111] wire was reduced to
a two-fold one upon doping the center position (a) and was completely broken for the
positions (b) and (c). Such symmetry changes also led to modifications of the electronic
structure and conductivity of the nanowires compared with the bulk phase, which may be
exploited for sensing local changes of the electrostatic potential of the environment and
will be analyzed in the following.

Table 3. Bond lengths around the dopant sites of SINWs [001] and SiNWs[111] with B or P dopants.

Bond Lengths

di/ A dal A dsl A dy A ds/ A del A
SiNWs[001] 2.430 2.457 2.463 2.381 2.381 2452
SiNWs[001]-B 2.101 2117 2.118 2.046 2.046 2.108
SiNWSs[001]-P 2.796 2.951 2.406 2.271 2.271 2.364
SiNWs[111] 2.397 2.397 2.410 2.464 - -
SiNWSs[111]-B(a) 1.957 1.957 1.954 2.106 - -
SiNWSs[111]-B(b) 2.031 2.054 2.054 2.065 - -
SiNWSs[111]-B(c) 1.890 1.910 - - - -
SiNWSs[111]-P(a) 2.237 2.237 2.259 2.288 - -
SiNWSs[111]-P(b) 2317 2317 2.294 2.302 - -
SiNWSs[111]-P(c) 2.189 2.200 - - - -

4.2. Band Structures of Bulk Si, Undoped SiNWs, and Doped SiNWs

The band structure as a fundamental concept in solid-state physics provides the
electronic energy levels in infinitely extended, ideal periodic crystal structures. For the
nanowire models studied here, this periodicity was maintained in the z direction, whereas
the structures were confined in x and y directions, confining the electron in those two
directions. As the nanowires were oriented along the z direction, the energy levels were
specified by two quantum numbers: the Bloch vector k, and the band index n. The general
features of the bands of all nanowires could be analyzed by comparing them with the band
structure of bulk Si. Experimentally, bulk Si is an indirect band gap semiconductor that has
a band gap of 1.17 eV, making it suitable for constructing micro-electronic devices such as
field effect transistors (FETs) [68].

As depicted in Figure 3, the band gap of bulk silicon was determined by DFT-GGA
calculations as the energy difference between the highest occupied state at the top of the
valence band and the lowest occupied state at the bottom of the conduction band is 0.607 eV.

10—

NZ

Energy (eV)

1
1
1
1

L A r A X UK z

-

Figure 3. Band structure of bulk silicon.

Our band gap (Ag) value was in good agreement with the value obtained by GGA (in
ref. [63]) and exhibited the previously established deviations from other theoretical and
experimental values, as presented in Table 1. The outline in ref. [6] (see Table 1) highlights
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that the BLYP and B3LYP exchange and correlation functionals overestimated the band
gap, while the LSDA and the GGA methods underestimated it. Similar results have been
obtained using a structure optimized with the semi-empirical AM1 method.

We tested the meta GGA functional by Tran and Blaha [26] for pure, H-passivated
SiNWs [25] and found an improvement in the gap upon slight tuning of the addition
parameters. For SiGe alloys, we experienced a stronger need for reparameterization.
Therefore, we prefered not using the Tran—Blaha functional for the present case, where we
had no reference for the doped wires.

In the following, the main changes to the band structure of undoped [001] and [111]
SiNWs and the doped ones with B and P are discussed in detail. After converging the
atomic positions of [001] and [111] SiINWs, we calculated the electronic band structures at
an electronic temperature approaching zero.

Generally speaking, SINWs grown experimentally exhibit facets, where the silicon co-
ordination deviates from the highly directional covalent bonds following the sp? tetrahedral
hybridization pattern. On unpassivated flat surfaces as well as flat facets of nanostructures,
Si atoms at the surface have dangling bonds, which are unsaturated, make the atom highly
active with respect to its chemical and physical environment, and may induce strong recon-
struction of the surfaces. Surface passivation can be achieved with elements or compounds
such as hydrogen, hydroxyl groups, or glassy oxides, which assure the chemical stability of
the surface, but maintain or tune the sensitivtiy of the underlying pristine Si backbone [69].
However, the exploration of surface physics in these low-dimensional systems without
passivation is highly intriguing due to the intricate interplay between an unusually high
surface-to-bulk ratio and the impact of quantum confinement. Thus, we focussed on this Si
backbone, here, and investigated its direct doping.

In this work, 21 k-points were selected from I' to z, with I representing the 1st k-point
and z representing the 21st k-point within band structures. The results are shown in Figure 4
in the absence of surface passivation such as hydrogen or hydroxyl goups. Such a pristine
SiNW [001] backbone exhibited a metallic behavior with either zero or an extremely small
negative band gap.
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Figure 4. Band structures of [001] SINWs doped with P, [001] SINWSs, and [001] SINWs doped with B.

The result demonstrates that pristine SINWs [001] can be good conductors. As dis-
cussed above, the absence of passivation leads to a strong reconstruction of the local
bonding environment [001] SINWs, resulting in the wire acquiring metallic properties [70].

As observed in earlier DFT studies on pristine and doped hydrogen-terminated SiNWs,
the adsorption of small molecules on the wire-surface-induced localised states [18,54],
which do not strongly overlap with the dispersing bands of SINW. Providing such localised
states in the absence of passivation may increase the binding propensity of the presently
studied wires and modify the electronic structure of SINW more strongly. The metallicity
to be exploited here, has been observed for [001] SiNWs already previously via DFT
calculation within the GW approximation [71].

As the new tuning approach, substitution doping of [001] SiNWs by B and P is introduced,
as depicted in Figure 4. In semiconductor physics, doping typically refers to a minute
concentration of impurities introduced into the crystal either by substitution or interstitially
with an average nearest neighbor distance of several lattice parameters [72]. For ultra-thin
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wires, these concentration limits may be exceeded. Hence, SINW conductance has alternatively
been adjusted by applying a gate voltage in a reconfiguration SINW FET [73].

In our case of SINWs doped centrally with B and P, the presence of either donor or
acceptor states can considerably lower the energy gap of the pristine [001] SINWs; thus,
doping may considerably affect the electrical properties of SINWs. In the case of [001]
SiNWs that were doped with B, the conductivity can be increased through an extra charge
carrier in the form of holes in the valence band, which improves the conductivity of the
nanowire. For P-doped [001] SiNWs, the conduction band contains extra electrons, which
increase the carrier concentration at the Fermi level and improve the electrical conductivity.

Experimental measurement of the conductance of thin SINWs after annealing showed
a much higher conductivity than the one expected from doping [74].

In contrast, band folding for [111] SiINWs led to a tiny direct gap at k, = (0,0,1/4), as
shown in Table 4 and Figures 5 and 6. This direct nature can be attributed to symmetry
breaking and quantum confinement effects, which both lead to the modification of the band
structure [75].

si[111] si[111]-B(a) Si[111]-B(b) si[111]-B(c)
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Figure 5. Band structure of [111] SiNWs doped with B. Where, a, b, and ¢ denote the substitution of
the dopant at three different positions on [111] SINWs structures.
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Figure 6. Band structure of [111] SiINWs doped with P. Where, a, b, and ¢ denote the substitution of
dopant at three different positions on [111] SiNWs structures.

Table 4. Energy gaps of [111] SiINWs and [111] SINWs with doped with B and P.

Band Gap (e.V)

SiNWs[111] 0.0852 direct band gap
SiNWs[111]-B(a) 0.102 indirect band gap
SiNWSs[111]-B(b) 0.086

SiNWSs[111]-B(c) 0.015

SiNWs[111]-P(a) 0.0 metallic
SiNWs[111]-P(b) 0.024

SiNWSs[111]-P(c) 0.0 metallic

In the case of doping with B and P, we studied the influence of the radial distribution
of the dopant by the substitution of three different positions for SINWs structures that
are shown in Figure 2—we denote them as a, b, and c. Position (a) and (b) are four-fold
coordinated sites, which differ by symmetry, in particular after geometry optimization.
Position (c) is under-coordinated, hence corresponds to doping in the SINW surface.

For most doped structures, there are energy gap values of two types, direct and
indirect, as indicated in Table 4. Doping SiNWs [111] with P in position (a) is an exception,
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as there is no energy gap. This confirms the metallic nature of the latter wire type. In the
case of passivated SiNWs [111] with hydrogen, the band gap is dependent on nanowire
diameters; thus, the wires exhibited a transition from an indirect gap in large wires to a
direct one in small wires [76].

As noted in earlier studies, SINWs exhibit a size-dependent transition in their band
gap characteristics. Larger SINWs (diameters > 5 nm) retain an indirect band gap, akin
to bulk silicon. As the wire diameter decreases to between 3-5 nm, the band gap begins
to show mixed characteristics due to quantum confinement effects. When the diameter is
further reduced to less than 3 nm, the band gap becomes direct, enhancing the wires poten-
tial for optoelectronic applications [76,77]. The direct band gap in small silicon nanowires
(SiNWs) with diameters less than 3 nm makes them highly suitable for optoelectronic
applications such as light-emitting devices and photo detectors, where efficient photon
emission is crucial. This direct band gap allows for more efficient electron-hole recombina-
tion, enhancing their performance in these applications. Additionally, the transition from
an indirect to a direct band gap significantly impacts the electronic properties of SINWs.
This change influences their electrical conductivity and enhances their potential for various
semiconductor applications, providing greater versatility in the design and functionality of
electronic devices [78].

We conclude that the actual electrical properties of SiINWs are strongly dependent
on the growth directions and may be tuned by the chemical environment of the dangling
bonds, as well as by the size, position and valence state of additional dopant atoms.
These results confirm and substantially extend earlier findings obtained by David and
Rurali et al. [68].

5. Conclusions

This study presents the impact of B and P doping on the electrical properties of SINWs
using a first-principles approach. The band dispersions in the [001] and [111] directions
were compared with those of bulk silicon. It has been concluded that [001]-oriented SINW5s
display a metallic property in the absence of passivation of surface dangling bonds, with
either a negligible negative band gap or no band gap at all. It is further concluded that
[111]-oriented SINWSs exhibit a direct band semiconductor behavior. Additionally, the
influence of substituting boron and phosphorus atoms on the band structure of [001] and
[111] SINWs is examined, revealing significant impacts. The dangling bonds gives rise to
the surface states. Saturating these states can cause shifts in the electrostatic potential and
maybe used to tune the sensing properties of SINWs.
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