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ABSTRACT

Recently, ultralarge (>10%) strain with fully reversible elastic deformation has been experimentally achieved in silicon nanowires
[H. Zhang et al., Sci. Adv. 2, e1501382 (2016)]. With this breakthrough, here in this work, based on the first principles calculation,
the structural and electric properties of silicon under ultralarge strain are comparatively investigated. Unlike previous
theoretical/simulation investigations on silicon nanowires with only a few nanometers, bulk silicon models are employed here to
provide more realistic and comparable results to our experimentally tested samples (∼100 nm diameter). Strong anisotropic
effects are induced by loading strain along all different orientations. Simultaneously, the band structures evolution demonstrates
electronic anisotropy with the loading strain on three orientations. Silicon keeps an indirect bandgap under increased strain
along the h100i orientation while transforming to a direct bandgap with strain along h110i and h111i orientations. Furthermore,
ultralarge strain on these two orientations would diminish the bandgap and result into metallization. These results provide
insights into understanding “elastic strain engineering” of silicon nanowire applications and demonstrate the possibility of
tuning the electronic and optical properties through pure mechanical straining of functional materials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5052718

INTRODUCTION

Strain engineering is a powerful strategy that is employed
to achieve significant optimization in functional materials
and device performance.1–9 Among plenty of research studies,
strain engineering on group-IV materials is drawing the most
attention owing to its vast applications in mechanics, elec-
tronics, and photonics. Silicon is of vital importance owing
to the role of silicon nowadays in the semiconductor indus-
try,10,11 covering from high-speed integrated circuits to build-
ing blocks in the microelectromechanical system (MEMS) and
nanoelectromechanical system (NEMS). High elasticity silicon
is needed to satisfy the requirement of mechatronics applica-
tions in field effect transistors,12 biosensing,13 and high speed
detectors.14 Therefore, further investigations are imperative
to achieve large elastic strain.

Previous reports demonstrate that the materials would
become much stronger mechanically when the size of the
materials is down to nanoscale such as thin films, nanowires,
and nanoparticles.4,15–17 This may be attributed to their high

surface-to-volume ratio, defect-scarce status, and smooth
surface.6 This opens a possible way to realize large elastic
strain and thus further tune the physical and chemical proper-
ties. Based on this, recently, we successfully realized ultralarge
and fully reversible elastic deformation on silicon nanowires
(∼100 nm).6,18 The tensile strain reached 16%; much closer to
the theoretical prediction of 20%.19–21 Naturally, these works
motivate us to investigate the structural and electronic proper-
ties of silicon under ultralarge strain. Many research studies
have been performed during the past few decades to study the
strain related structural and electronic property evolution both
theoretically and experimentally,20–30 but few investigations
demonstrated whether ultralarge strain would bring differ-
ent and novel phenomena.

The advantage of computational simulation is its ability to
provide reliable and efficient ways to systematically study the
electronic structure of nanomaterials. Plenty of theoretical
works have been performed to investigate the structural and
electronic properties of silicon nanowires. Rurali investigated
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bare surface silicon nanowires and obtained conducting
characteristics owing to the energetically favorable surface
reconstructions.31 Surface modifications could diminish
undesirable surface states derived from surface unstable
dangling bonds. Different surface modifications can remark-
ably tune the bandgap and the work function of small diame-
ter nanowires.26,32–34 However, it is technically challenging
to perform simulations on electronic properties with models
approaching the real size. Hence, in this paper, we utilized first
principles calculations to investigate the structural and elec-
tronic properties of bulk silicon under varied strains along dif-
ferent orientations. Our results show the indirect-to-direct

bandgap transition of silicon under large strain along certain
orientations. With further application of elastic strain, the
bandgap would vanish and realize metallization.

METHOD

First principle calculations were performed using the
Vienna ab initio simulation package (VASP)35,36 based on the
density functional theory (DFT) with the projector aug-
mented wave (PAW) method.37,38 To describe the exchange-
correlation interactions, the Perdew-Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation
(GGA) correction is used.39 The energy cutoff for the plane

FIG. 1. (a) The interlayer displacement of 35 surface layers of Si (111). The inset panel presents the whole results of the Si (111) surface with 576 layers. (b) The illustra-
tion of small and large Si nanowires. The unit cell of bulk silicon of (c) h100i, (d) h110i, and (e) h111i orientations is shown. The schematic representation of two kinds of
loading conditions is shown: (f ) unrelaxed tension (without transverse optimization) and (g) relaxed tension (with transverse optimization). The black double-headed arrow
represents the direction of loading strain.
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wave expansion is set to 250 eV, while Monkhorst-Pack
k-points grid are 11 × 11 × 8, 11 × 8 × 11, and 11 × 11 × 6 for h100i,
h110i, and h111i orientations during the geometry optimization.
All these calculation parameters were examined as well con-
verged. The threshold for energy is 10−5 eV, while for force is
0.01 eV/Å, which can provide reliable accuracy. It is well-
known that the PBE functional underestimates the bandgap
in most cases,40 and the PBE bandgap of silicon bulk is 0.71
eV.41 The Heyd-Scuseria-Ernzerhof (HSE) hybrid func-
tional42,43 could provide a more reasonable bandgap as 1.11
eV; nevertheless, the calculation is computationally expen-
sive. Thus, we use the Meta-GGA “made simple” (MS1)
method,44,45 which includes the kinetic energy density and,
therefore, could provide comparable accuracy with less
computational cost than HSE. The calculated MS1 bandgap

for bulk silicon is 1.17 eV, which is in good agreement with
experimental values.41

Heretofore, the pronounced size effects are systemati-
cally studied. Results demonstrate that the bandgap decreases
to bulk value as the diameters increase owing to the weak-
ened quantum confinement despite the surface modification
and orientation of nanowires.34,46,47 Reports indicate that the
quantum size effect can be eliminated, and the indirect
bandgap character can be reproduced when the diameter of
the silicon nanowire is larger than 7 nm.26,47 The influence
of surface effects and modification gradually decreases on the
electronic properties on nanowires.34 In addition, the study
on the silicon thin film also suggests that the surface passiv-
ation barely affects the electron states with comparatively
large thickness.48 Therefore, unlike the previous theoretical

FIG. 2. The PES of the transverse lattice constant of silicon under 0%, 10%, and 20% tensile strain. The x and y axes represent the normalized lattice variation ratio of
cross-section geometries with the 0.01 interval. The red and blue colors denote the high and low energies.
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work on nanowires,32,49,50 the periodic bulk silicon model
would be a better choice to provide more comparable and real-
istic simulations of our experimental sample (∼100 nm radius).

The optimized lattice constant of silicon is 5.465 Å.
To appreciate the size effect on Si, we first calculate the
structural variation of Si (111) as an example. We simulate an
extremely thick Si (111) surface with a total of 576 Si layers
(94.6 nm). The y-axis (displacement) represents the interlayer
changes referred to as idea bulk; see Fig. 1(a). As one can see,
the displacement rapidly vanishes implying that the surface
effect only penetrates a few layers, less than 10 layers; there-
fore, the electronic properties (e.g., bandgap) for a huge Si
nanowire are dominated by “bulk.” For the sake of convenience,
here, we modeled three kinds of structures to simulate the
strain along different crystal orientations or growth directions
of the nanowire, which are shown in Fig. 1. The h100i, h110i, and
h111i orientations are considered. The uniaxial strain is applied
stepwise on the z directions of all the structures.

RESULTS AND DISCUSSION

To systematically understand the influence of the exter-
nal strain, two modes of strain loading are calculated here as
a comparison.20 As shown in Figs. 1(f ) and 1(g), the unrelaxed
tension and the fully relaxed tension are considered here to
investigate the cross-section geometry evolution. With the
transverse relaxation, the potential energy surfaces (PESs) as
a function of the transverse lattice constant under strain
silicon are depicted in Fig. 2. The range of the lattice variation
ratio is set from 0.93 to 1.06 for each orientation, with an
increment of 0.01. The circular PES reveals the isotropic
lattice variation for h100i and h111i, while the anisotropic
behavior of the h110i orientation during the loading strain.
Studies have already revealed that Poisson’s ratio of h110i
does not show a cylindrical symmetry in different orienta-
tions.20,51 In Fig. 3, we summarize the lattice variations with
increased strain up to 20%. For the strain applied on silicon
h100i orientation, the lattice of X:h01�1i and Y:h011i uniformly
decreases 3% under 20% loading strain. For the strain on
h110i orientation, the lattice variation of the Y:h001i orienta-
tion decreases 6% at 20% strain. Interestingly, the lattice of
X:h1�10i increases 1% at 8% external strain. Therefore, the h110i
strain would induce the anisotropic Poisson effect. The lattice
decrease of X:h1�10i and Y:h01�1i is 2% at 20% strain owing to
much smaller Young’s modulus, which is 169.1 GPa.52 For the
three loading directions, the h111i orientation of silicon shows
the least distinct Poisson effect due to the small Poisson’s
ratio of 0.180,51 while the h110i orientation shows the distinct
Poisson effect owing to a relatively large Poisson’s ratio of
0.368.51 These results reveal that the longitudinal loading
strain could induce different transversal deformation in dif-
ferent orientations. In other words, the structural deforma-
tion of cross sections is anisotropic for different growth
directions of nanowires.

Figure 4 displays the band structures of silicon under
strain. For the three different models, the different Brillouin
zones and k-paths53 are selected (see Fig. S1 in the

supplementary material). Also, to consider the Poisson effect
influence on the band structures, the band structures under
unrelaxed and relaxed tension are plotted here. In all the cal-
culations, the positions of valence band maximum are
unchanged under external strains. As in the silicon h100i
model, the conduct band local minimum valley in the M→Г
interval drops downward, while the local minimum valley in
the Г→Z interval lifts upward. Consequently, the conduct
band minimum (CBM) located in the Г→Z interval shifts left-
ward to the M→Г interval with the increasing strain. For a
primitive silicon cell, it is known that the CBM lies on the Δ
symmetry line near the X point leading to six equivalent
valleys Δ6

27 (see Fig. S2 in the supplementary material). The
biaxial tension normal to the axial direction would split the Δ6
valleys into four higher in-plane valleys Δ4 and two lower out-
plane valleys Δ2.

54 Correspondingly, the tensile strain in h100i
increases the energy of Δ2 valleys along the direction of strain
and decreases the energy of Δ4 valleys normal to the loading
strain direction. Compared to the unrelaxed case, the Poisson
effect during relaxed tension would significantly influence
the band structure and the Poisson effect becomes stronger
as the applied strain increases. The bandgaps are 0.81 eV and
0.46 eV for 10% and 20% unrelaxed tension, while they are
0.61 eV and 0.16 eV for 10% and 20% relaxed tension, respec-
tively. For the h110i orientation model, the original CBM
locates in the Y→Г interval and it shifts rightward to the Г
point as the external strain increases, leading the system to
transform from the indirect bandgap to the direct bandgap.
Previous theoretical studies reported the indirect to direct
bandgap transition on negative strained Si using a linear

FIG. 3. Lattice variation of silicon under various loading strains from 0% to 20%
along h100i, h110i, and h111i orientations. The blue and red lines indicate the
normalized lattice variation along corresponding X and Y directions, respectively.
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combination of Gaussian orbitals and GW approximation.55,56

Similarly, compared to the unrelaxed system, the conduction
bands in relaxed systems drop more significantly if the Poisson
effect is considered. The bandgap of the unrelaxed system is
0.66 eV, while it is 0.24 eV for the relaxed case under 10%
strain. More interestingly, the unrelaxed structure still pos-
sesses a 0.36 eV bandgap with 20% strain, while the gap would
be diminished at the relaxed structure. The Poisson effect
would eliminate the direct bandgap of silicon at the Г point
and then induces metallization in 20% ultralarge strain like the
previous report.49 Likewise, the same evolution happened in
the silicon h111i bulk structure. The system achieves indirect to
direct bandgap transition and metallization under ultralarge
strain. The above calculations and analysis indicate that the
external strain decreases the bandgap, and the Poisson effect
would accelerate this process to some extent.

To have a systematic understanding of the bandgap evo-
lution, the calculated bandgaps as a function of various
loading strains are collected in Fig. 5. Generally speaking,
similar to previous investigations,57,58 the bandgap of silicon
decreases remarkably as the loading strain increases and the
magnitude of bandgap evolution shows strong anisotropy.
Studies performed on small silicon nanowires also show the
anisotropic bandgap depending on the growth orientations.59

The bandgap shows the most significant variation under the
loading strain on the h110i orientation, and 4% loading strain
is enough to achieve the indirect to direct bandgap transition.
Moreover, as the loading strain on the h110i orientation
reaches 14%, the bandgap will vanish leading to semiconduc-
tor to metal transition. The indirect to direct bandgap transi-
tion occurs with the strain on the h111i orientation as well and
the transition point is at 14%. Similarly, the loading strain on
silicon h111i will cause metallization at 20%. Initially, the
bandgaps Eg under h111i strain change relatively slower than
the other two direction strains, following the sequence
Eh111i
g . Eh100i

g . Eh110i
g . However, the indirect bandgaps under

h111i strain decrease dramatically after transition to direct
bandgap. Therefore, we can conclude that tuning the elec-
tronic properties of silicon through applying strain on h110i
orientations is easier than the other two orientations.

CONCLUSION

To summarize, the structural and electronic properties
of silicon under various strains are comparatively investigated.
We investigated the Poisson effect under elastic strain along
the different orientations. The strain along the h110i orienta-
tion induces the largest cross section variation, while the
strain along h111i shows the smallest. The band structures
demonstrate an interesting correlation with the loading strain.
Overall, the bandgaps gradually decrease as the loading strain
increases on three directions, whereas the bandgap evolutions
are different. Silicon keeps indirect bandgap with the loading
strain along the h100i orientation. However, the strain along
h110i and h111i achieves indirect to direct bandgap transition.
The corresponding transition points are at 4% and 14% loading
strains. More interestingly, the ultralarge strain would realize
metallization in silicon under 14% strain along h110i and 20%
along h111i. Our calculations provide useful information for
tuning the electronic and optical properties of silicon nanowire

FIG. 4. Band structure of silicon in (a) h100i, (b) h110i, and (c) h111i struc-
tures under various loading strains. Left and right figures are band structures
under the unrelaxed tension and relaxed tension conditions. The band struc-
tures under 0%, 10%, and 20% strains are denoted by black, blue, and red
lines, respectively. The solid circles represent the corresponding CBM positions.

FIG. 5. Band structures of silicon under various loading strains along h100i,
h110i, and h111i orientations. The vertical dashed lines denote the indirect to
direct bandgap transition points.
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through strain engineering experimentally. Silicon nanowires
with different growth directions show electronically aniso-
tropic response to external loading strain. We anticipate that
the present work will stimulate further investigations on
potential optical and optoelectronic applications of silicon
nanowires via elastic strain engineering.

SUPPLEMENTARY MATERIAL

See supplementary material for the high symmetry
k-point paths of the h100i, h110i, and h111i models and the
six-fold energy surfaces diagram of the conduction band of
bulk silicon.
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