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Twist-induced preferential distribution of dopants in single-crystalline Si nanowires
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The distribution of dopants has significant influence on the electronic property of semiconductors. However,
in a homogeneous crystalline material, the occupation of dopants is usually randomly distributed. Using the
generalized Bloch theorem, we show that a twisting deformation has a pronounced impact on the distribution of
dopants in single-crystalline Si nanowires (SiNWs). With systematic calculations, we find that the dopant atoms
with smaller sizes than the host Si atom prefer atomic sites near the NW core, while dopants of larger sizes are
prone to staying around the NW surface. The underlying mechanism of this intriguing phenomenon is related
to the inhomogeneous shear strain along the NW radial direction. Such a trend is nearly independent of dopants
with different numbers of valence electrons and also independent of the detailed crystal structures of NWs. Our
findings provide an effective approach to control the dopant distribution in semiconductors, which is critical for
the design of devices with reproducible electronic properties.
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I. INTRODUCTION

Si nanowires (SiNWs) [1–4] and other semiconductor
NWs [5–8] are structures that are appealing as building blocks
of next generation nanodevices [3,9,10]. Recent experimental
efforts have illustrated the possibility to grow this category of
single-crystalline nanostructures [11,12], and to readily incor-
porate various dopants during the growth. For doping, not only
is a high dopant density needed for an optimal performance
of NWs for electronic applications, but also a controllable
dopant distribution stands for an important parameter to tune
the characteristic of semiconducting electrons [13].

Sufficient dopant concentration usually requires a low dop-
ing formation energy (E f ) such that the doped system is ener-
getically stable. E f is determined by the atomic size and the
electronic environment of the dopants. If the dopant matches
well the electronic environment of the host atom, the resultant
E f can be low. In addition, if the size mismatch is significant,
a local deformation around the doping site can be induced,
adding a large strain energy penalty to E f . Therefore, choos-
ing a dopant with a similar size as the host atom or applying
uniaxial/biaxial strains to the host system is effective to
release the strain energy and thus to obtain a reduced E f [14].

Theoretically, an accurate evaluation of E f can be realized
by carrying out atomistic simulations such as first-principles
calculations. Here it is interesting to note that in order to
determine the optimal E f , only a few atomic sites inside the
crystal unit cell need to be considered for a substitutional
dopant. This rule is still applicable even when uniaxial/biaxial
strains are exerted [14]. This is because that due to the transla-
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tional symmetry, crystals are structurally homogeneous (i.e.,
all lattice sites are energetically equivalent). This feature thus
indicates that the occupation site of a substitutional dopant is
essentially random in a homogeneous system. This leads to an
interesting question: How to manipulate the occupation side
of dopants in materials? This can be realized by introducing
inhomogeneity to the system. For example, in NWs, due to
the finite-size effect and surface effect, lattice sites along
the NW radial direction are not energetically equivalent any
longer [15–17]. As a result, dopants exhibits preferences for
occupation sites. Indeed, first-principles calculations reveal
that there is a tendency for the dopant to reside within the
NW core or near the NW surface; experimental results also
reveal that the distribution of dopants along the SiNW radial
direction is nonuniform [15–17]. However, as the NW size
increases, the finite-size effect and surface effect become
less important and the occupation preference of dopants
vanishes [18].

An alternative strategy is strain engineering [19–22]. For
example, in a NW, a twisting deformation can invoke struc-
tural inhomogeneity with a strain gradient along the NW
radial direction. Thus, E f might be different for a dopant
occupying different atomic sites along the NW radial di-
rection. Indeed, an analytical bond-orbital analysis indicates
that in SiNWs made from tetrahedral Si, dopants display a
size-sensitive occupation preference [13]. However, a dopant
usually is of a different number of valence electrons from the
host Si atom. Thus, the extra charge (electron or hole) over-
looked by the bond-orbital approach may play a role in the
formation of E f . More critical, it is unclear yet that whether
the occupation preference of dopant revealed in tetrahedral
SiNWs also applies for other crystal structures.

In this work, we investigate systematically the distribution
of dopants in twisted SiNWs. Tetrahedral and hexagonal
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SiNWs doped with elements from main groups IIIA, IVA, and
VA with different atomic sizes are considered. For each NW,
multiple crystallographic directions of growing are consid-
ered, e.g., for tetrahedral SiNWs, both fcc[211] and fcc[111]
directions are considered, while for hexagonal SiNWs, both
hcp[0001] and hcp[112̄0] directions are considered.

II. METHODS

We employ density-functional theory based first-principles
approaches [23] as implemented in VASP [24] to study the
formation energy and the lattice stress of doped bulk Si.
The interactions of the valence electrons with the ionic cores
are described by the projector augmented wave (PAW) [25]
method. For the exchange-correlation functional, we use the
generalized gradient approximation of Perdew, Burke, and
Ernzerhof [26]. Si(4 × 4 × 4) supercells are used to simulate
the doped bulk Si. A 7 × 7 × 7 k-point mesh and an energy
cutoff of 500 eV are adopted. The electronic iteration was
converged to 10−5 eV and the structures were fully relaxed
by the conjugate gradient method until all the residual force
components were less than 0.01 eV/Å. All these parameters
have been carefully examined to ensure good convergence.

For twisted NWs, we instead employ the generalized Bloch
theorem as coupled with the self-consistent charge density-
functional tight-binding (scc-DFTB) [27,28] method. Because
the translational symmetry of a NW is broken by the twist
deformation, the traditional methods relying on translational
periodic boundary condition are no longer applicable. In
the generalized Bloch theorem, we describe the twisted NW
structure with a helical symmetry,

Xλ,l = Rλ(�)X0,l + λT, (1)

where X0,l (l = 1, . . . , N) represents atoms inside the unit
cell, λ denotes the sequence of the translational replica of
the unit cell, and Xλ,l represents atoms inside the λth replica
of the unit cell. The axial vector T and rotation vector R
with rotation angle � are used to depict the NW screw. The
electronic states under such helical boundary conditions are
described in terms of generalized Bloch functions [27,28],
with which the optimal NW geometry and energy can be
obtained through full structural relaxation at arbitrary T and
�. With this, we define a twist rate γ = �/|T|, which denotes
the rotation angle per nanometer.

III. RESULTS

A. Formation energy of various dopants in tetrahedral Si

In bulk, the doping formation energy is defined as [29,30]

E f = Etot − E0 + μSi − μD, (2)

where Etot and E0 are the total energies of the doped and
pristine systems, respectively. μSi and μD are the chemical po-
tential of Si and the dopant, respectively. Using first-principles
calculations, the formation energy E f of a series of dopants
are summarized in Table I. We also calculated the resulting
stress σ and the bond length bD between dopant and Si.
Overall, for all the considered dopants, E f are relatively low.

We focus on the size effect on E f . Generally, if the size
of a dopant is similar with that of an Si atom, bD will be

TABLE I. Doping formation energy Ef , lattice stress σ , and bond
length between dopants and Si bD.

Ef (eV) σ (GPa) bD (Å)

BSi 0.76 −0.62 2.10
CSi 1.47 −0.84 2.03
NSi 1.60 −0.87 2.05
AlSi 0.98 0.19 2.42
GeSi 0.10 0.11 2.41
SbSi 1.07 0.34 2.58

close to the Si-Si bond length (bSi = 2.37 Å), and thus σ will
be small. From Table I, compared to other dopants, Ge has
a bGe = 2.41Å, closest to bSi. Meanwhile, σ for Ge is also
smallest.

A stress indicates a strain energy induced by the struc-
tural deformation around the dopant, which contributes to the
formation energy E f . Therefore, it is reasonable to expect
a relatively low E f given a small σ . This is completely
supported by the data in Table I.

It is more interesting to notice that if bD < bSi (i.e., the
dopant size is smaller than that of Si), σ will be negative;
otherwise, σ will be positive. This hints that a dopant with
a larger size needs larger space to lower the formation energy
E f . That is, for a dopant with positive σ , E f will be lowered
if a tensile strain is applied; On the other hand, for a dopant
with negative σ , E f will be lowered if a compressive strain
is applied. This property provides a straightforward route to
modulate the distribution of dopants by invoking inhomoge-
neous strains where dopants with smaller (larger) size will
prefer to locate at regions with compressive (tensile) strain
in order to lower E f .

We note that this strategy can be extended to inhomoge-
neous shear strain. A shear strain in the linear elastic regime
alters neither the bond length between atoms nor the atomic
space in solids. However, the situation changes if the shear
strain is beyond the linear regime, which is often encountered
in the strain engineering of materials. In the following, we
show that a twist applied to a NW that induces inhomogeneous
shear strain in the NW radial direction has strong modulation
on the occupation location of dopants.

B. Formation energy of various dopants in twisted SiNWs

For the tetrahedral [100] SiNW, we consider different
dopants including B, C, N, Al, Ge, and Sb. Note that due
to the deep energy levels of C and N, it is more proper to
treat them as impurities. For each dopant, several doping sites
[n = 0, . . . 6 in Fig. 1(a)] along the NW radius are examined.
The total energy of a dopant at site n is labeled as En.
Using the energy for dopant at site 0 (E0) as a reference, we
obtain the relative formation energy as En − E0. The twisted
configuration of the SiNW is shown in Fig. 1(b). Results of
En − E0 as function of twist rate γ are shown in Figs. 1(c)
and 1(d).

For undistorted NW, i.e., γ = 0, En − E0 remains to zero
for all considered atomic sites. This demonstrates an energetic
equivalence for these sites, in spite of the small size of the
SiNW (with a diameter of about 4 nm in Fig. 1). Thus, the size
effect such as surface effect should be negligible for En − E0.
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FIG. 1. Relative energy of various doped configurations in twisted SiNWs. (a), (b) Axial view of the tetrahedral pristine (a) and twisted
(b) Si[100] NWs with a diameter of about 4 nm; the filled red ball and its corresponding number in (a) indicate the atomic sites of various
dopants. (c), (d) Relative energy as a function of the twist rate γ of various dopants located at different atomic sites marked in (a).

Under twisting, En − E0 displays an interesting trend. For
impurities of B, C, and N, for each impurity site n, En − E0

increases with γ , and at a given γ , En − E0 is higher for the
site closer to the NW surface, Fig. 1(c). This hints that in the
twisted SiNW, these dopants or impurities prefer to occupy
atomic sites near the NW core, while Al, Ge, and Sb do the
reverse. For each doping site, En − E0 decreases with γ , and
at a given γ , En − E0 is lower for the site closer to the NW
surface, Fig. 1(d). This hints that in the twisted SiNW, these
dopants prefer to occupy atomic sites near the NW surface.

We attribute such distinct responses to the different atomic
sizes of dopants. B, C, and N atoms have atomic sizes smaller
than Si atom while Al, Ge, and Sb are of larger atomic
size than Si atom. The underlying mechanism of this size
dependence can be understood by exploring the twist-induced
structural distortion. Twisting induces an inhomogeneous
shear strain along the NW radial direction [13]. Under such
a strain field, the atomic sites along the NW radius are no
longer equivalent. To characterize the strain effect on atoms,
we evaluate the atomic volume for atomic site n:

Vn = 4π

3
R3

n, (3)

where Rn = 1
2 d̄n is the half of the average bond length d̄n

between the referred atom at site n and its four nearest-
neighbor Si atoms.

In Fig. 2, we show the variation of Vn along the radial
direction in undistorted and twisted SiNW. For the undistorted
SiNW, the atomic volume Vn of different sites almost remains
invariant. This, again, reflects the equivalence between dif-
ferent sites. However, under twisting, Vn varies with site n.
Figure 2 shows Vn increases monotonically with n at the twist
rate of γ = 6.3◦/nm. Therefore, in a twisted SiNW, dopants

or impurities of smaller size, such as B, C, and N, prefer
to stay near the NW core where they match well with the
environment (atomic space) such that the formation energy
E f is optimized. Similarly, for dopants with larger size, such
as Al, Ge, and Sb, they shall stay adjacent to the NW surface
to match the environment for an optimal E f .

We note that B and Al possess three valence electrons
while N and Sb have five valence electrons. Can the differ-
ence in valence electrons affect the preferential occupation
of dopants in twisted SiNW? After all, the number of va-
lence electrons are important for the covalent bonding in a

FIG. 2. Atomic volume Vn of different atomic sites along the
radial direction of twisted and pristine crystalline Si[100] nanowires.
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FIG. 3. Relative energy of exemplary dopants under various crystalline Si nanowires. (a)–(d) Axial view of Si fcc[211], fcc[111],
hcp[0001], hcp[112̄0] nanowires, respectively. (e) Relative energy of B and (f) Ge doped configurations of each NW stacking forms,
respectively.

semiconductor. Here, we want to clarify that this has little
impact on the preferential occupation of dopants. First of
all, we emphasize that the preferential occupation of dopants
in twisted SiNW is due to the difference in atomic size of
dopants. This can be inferred directly from the behavior of
impurity C and dopant Ge, both of which have the same
number of valence electrons with Si atom, such that the effect
due to the difference in valence electrons can be ruled out.
Second, focusing on the group of B, C, and N, the variation in
the number of valence electrons does not alter the trend that
dopants prefer to stay near the core of the twisted SiNW. This
also hints that under twisting, the impact of the variation of the
electronic environment on the dopant occupation is secondary,
compared to the size effect. A similar situation can be also
identified for Al, Ge, and Sb.

C. Occupation preference of dopants in various SiNWs
under twisting

The above discussion completely confirms that the size
of the dopant atoms dominates the distribution of dopants
in twisted SiNWs. Can this occupation preference of dopant
revealed in tetrahedral SiNWs be applied to other NWs with
different crystal structures? Here, with B and Ge dopant atom
as representative examples, we examine their most stable
(with lower E f ) occupation sites in different SiNWs.

Truncated tetrahedral Si, a SiNW along the [211] direction,
and a SiNW along the [111] direction are proposed; see
Figs. 3(a) and 3(b), respectively. We have also considered
SiNW with hexagonal-close-packed (hcp) lattice. Figures 3(c)
and 3(d) show hcp SiNWs in [0001] and hcp[112̄0] directions,
respectively.

For all these SiNWs under twisting, we have calculated
En − E0 for dopants at different atomic sites n. Results are
summarized in Figs. 3(e) and 3(f). For B dopant, En − E0

increases with twist rate γ and En − E0 is higher when the
doping site n is closer to the NW surface under a given twist
rate, Fig. 3(e). On the other hand, for Ge dopant, En − E0

decreases with twist rate γ and En − E0 is lower when the
doping site n is closer to the NW surface under a given twist
rate, Fig. 3(f). These results indicate that B prefer to stay
around the NW core while Ge will occupy the site adjacent
to the NW surface in a twisted SiNW. It is clear that the trend
is similar to that identified in tetrahedral SiNW. These results
indicate that the occupation preference of dopants in twisted
SiNWs is essentially dominated by the atomic size of dopants,
regardless of the lattice structure.

IV. CONCLUSION

Using first-principles calculation and the generalized
Bloch theorem implemented in scc-DFTB, we systematically

174202-4



TWIST-INDUCED PREFERENTIAL DISTRIBUTION OF … PHYSICAL REVIEW B 100, 174202 (2019)

investigate the distribution of dopants in twisted SiNWs.
Considering dopants from IIIA, IVA, and VA main groups
elements with different atomic sizes, we show that the dopant
atoms with smaller sizes than the host Si atom prefer atomic
sites near the NW core, while dopants of larger sizes are
prone to staying around the NW surface. The difference in
valence electrons of dopants plays a negligible role. Such a
trend is also independent of the lattice structure of SiNWs.
The discussed twist strain can be exerted on SiNWs by state-
of-the-art experimental techniques, such as nanofocused x-ray
diffraction [21]. These findings pave a route to modulate the
dopant distribution, which is critical for device design with
reproducible electronic performance at nanoscale.
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