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Strain induced effects on electronic structure of semi-metallic

and semiconducting tin nanowires

Lida Ansari,® Giorgos Fagas, and James C. Greer

Tyndall National Institute, Dyke Parade, University College Cork, Cork, Ireland
(Received 8 July 2014; accepted 10 September 2014; published online 22 September 2014)

Semimetal nanowires are known to undergo a semimetal to semiconductor transition as a
consequence of quantum confinement as their diameters are decreased. Using density functional
theory calculations, the electronic structure of tin nanowires (SnNWSs) under uniaxial strain within
a range of —4% to +4% is investigated. It is demonstrated that a [110]-oriented semi-metallic
SnNW with a diameter of ~4.2nm can be made either more metallic or semiconducting by the
application of tensile or compressive strain, respectively. On the contrary, a [100]-oriented semi-
metallic SnNW with a slightly larger diameter of ~4.5 nm remains semiconducting with the appli-
cation of either compressive or tensile strain. Carrier effective masses are calculated from the band
structures; it is shown that for semimetal SnNW along [110] orientation the conduction and valence
bands display near linear dispersion under both compressive and tensile strains (<3%) which leads
to very small effective masses of ~0.007m,. We also show that strain energies and Young modulus
vary with nanowire diameter and crystal orientation. The effect of alloying on the generation of
tensile and compressive strains in SnNWs is also investigated. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896293]

Quasi-one dimensional nanostructures such as semicon-
ductor nanowires are readily integrated into electronic sys-
tems. Nanoscale field effect transistors enable the
continuation of Moore’s law' in future technology genera-
tions through higher device density and consequently high
function per unit area at lower unit cost. Critical to achieving
this goal, the use of nanowire transistors permits efficient
electrostatic control over the channel region allowing for
ultra-low power nanoelectronics when used in multi-gate or
gate-all-around configurations.

In order to continue the miniaturization of transistors
below 10nm critical dimensions, new device concepts and
architectures are being introduced. Junctionless transistors,
for example, do not require the formation of p-n junctions’
and have been shown to be capable of operating at nanowires
as small as 1nm in diameter with a gate length of 3nm.>*
Another new device concept being explored is the confine-
ment modulated gap transistor (CMGT) where the limita-
tions introduced by the requirement for introducing dopants
in nanowires can be eliminated by exploiting the semimetal-
to-semiconductor transition in sufficiently small diameter
semimetal nanowires.” By thinning the central region in a
semimetal nanowire, the conducting behavior of the wider
semimetal regions is lost and a band gap is induced. This
allows for the formation of Schottky barrier transistors in a
single material by exploiting the quantum confinement in
quasi-one-dimensional nanostructures.

The use of strain as a “technology booster” in transistor
design is now a standard technique for modulating the elec-
tronic structure of Si to enhance both electron and hole
mobilities.® In this study, the effect of uniaxial strain on the
electronic structure of Sn nanowires (SnNWs) is investigated
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using density functional theory (DFT). It is demonstrated
that strain can be applied in addition to geometry confine-
ment to tune the bandgap and other electronic properties.

Nanowire atomic and electronic structures are determined
by OpenMX (Open source package for Material eXplorer)
based on Linear Combination of Atomic Orbitals (LCAO) rep-
resentation of the Kohn-Sham orbitals and electron density.”®
The local-density approximation (LDA) is used for the
exchange-correlation potential.” A numerical atomic orbital
basis set for the tin atoms is defined using optimized orbitals
with three orbitals per atomic level, or “triple-zeta” quality.® It
is well known that the exchange correlation functional approxi-
mation in DFT introduces errors in band gap and lattice con-
stants. Notwithstanding these limitations, the errors are well
understood and DFT is a reliable means for predicting elec-
tronic and other material properties within acceptable errors
allowing one to explore the physics behind the trends.

The atomic positions within all structures are relaxed
starting from nanowires constructed from the o-tin phase by
minimizing the total energy with respect to atomic coordi-
nates until the maximum force component is less than
0.005eV/A. The simulation cell parameter along the nano-
wire axis is constrained during the optimization procedure to
the value related to a chosen strain level. Transverse cell
dimensions are chosen large enough to neglect the interac-
tion between neighbouring nanowires arising from the peri-
odic boundary conditions applied in the calculations. All
nanowires have been passivated by hydrogen to eliminate
any surface states and the calculations are performed at tem-
perature 300 K. Uniaxial strain is introduced by modifying
the unit cell along the nanowire axis. The coordinates of all
atoms are relaxed after application of strain by elongating or
reducing the cell parameter along the nanowire axis.

A cross-sectional view of the SnNW atomic structure for
2.8 nm diameter along [100] and 2.3 nm diameter along [110]

© 2014 AIP Publishing LLC
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is shown in Figs. 1(a) and 1(b), respectively. Fig. 1(c) shows
the variation in the band gap energy with respect to tensile
and compressive strain in [110]-oriented SnNWs with diame-
ters 1.2nm < Dyw <4.2nm. Positive values refer to tensile
strain, while negative values correspond to compressive strain.
For smaller wire diameters a band gap is induced and wires
are semiconducting, whereas larger wires (4.2nm) are effec-
tively semi-metallic.'® As shown in Fig. 1(c), applying uniax-
ial compressive stain reduces the band gap of the
semiconducting wires (i.e., .2nm and 2.3 nm wire diameters)
by up to 260meV, while applying tensile strain leads to a
small increase in their band gaps. For [100]-oriented SnNWs
with diameters in the range of 1.3nm < Dyw <4.5nm, the
nanowires are semiconducting and both tensile and compres-
sive strains reduce the bandgap; see Fig. 1(d). The reduction
under compressive strain is up to 134 meV for 1.3nm- and
2.8 nm-diameter SnNW, and up to 218 meV reduction in the
bandgap energy is obtained for 4.5 nm-diameter nanowire.

For the [110]-oriented SnNW with Dyw =4.2 nm, ten-
sile strain modifies the nanowire electronic structure from
semi-metallic to metallic character as is shown in Figs. 2(a)
and 2(b). Also seen is that the off I" valence valley increases
in energy as tensile strain is applied leading to larger hole
effective masses at the valence band edge as the band cross-
ing occurs. As depicted in Fig. 2(c), DFT-LDA calculations
predict a bandgap opening of ~100 meV with application of
4% uniaxial compressive strain for the [110] orientation
(recalling the typical underestimation of energy gaps in ap-
proximate DFT methods) causing a transition from semime-
tal to semiconductor characteristic. Therefore, it is
demonstrated that it is possible to mechanically switch the
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FIG. 1. Cross-section view of (a) 2.8 nm diameter [100] SnNW and (b)
2.3nm diameter [110] SANW. Bandgap energy variation with tensile and
compressive strains for SnNW along (c¢) [110] and (d) [100].
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FIG. 2. Band structure of SANW along [110] (a) without strain, (b) under
tensile, and (c) under compressive strain. Applying compressive strain
increases the band gap, while tensile strain enhances the metallic nature of
the nanowire. Band structure of SANW along [100] (d) without strain, (e)
under tensile, and (f) under compressive strain. Energies are relative to the
Fermi level.

electronic structure and consequently the charge transport
behaviour from metallic to semiconducting by the applica-
tion of strain.

The band structure of 4.5 nm-diameter SnNW along
[100] orientation without strain and with tensile and com-
pressive strains is plotted in Figs. 2(d)-2(f). The energies of
conduction band edge are shifted towards lower energies and
valence bands are moved towards higher energies under both
tensile and compressive strain leading to a reduction in the
band gap energies. Under compressive strain, as is shown in
Fig. 2(f), the off I' valence valley energy is lowered and
therefore these valleys will contribute less to the hole trans-
mission, and as a result higher carrier mobility is introduced.

Electron and hole effective masses are given as the cur-
vature of the energy dispersion near valley minima. The
electron and hole effective masses for different orientations
and diameters as a function of strain are shown in Figs. 3(a)
and 3(b). As can be seen, larger diameter nanowires possess
smaller effective mass for both electrons and holes. The
increase (by up to 150%) in hole effective mass for 4.5nm
[100] SnNW under tensile strain is due to the increase in the
valence band valley curvature. Similar behaviour is observed
for 2.8 nm [100] SnNW under >2% tensile strain; while the
increase in the hole effective mass for the 2.3nm [110]
SnNW under >3% tensile strain is due to off I" valence val-
ley band crossing behaviour as shown in Fig. 3(c).

Fig. 3(d) shows a quasi-linear dispersion at the I" valley
for the conduction and valence bands for both relaxed and
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FIG. 3. Effective mass of (a) electrons and (b) holes with respect to strain
for different crystallographic orientations and nanowire diameters. (c)
Valence band profile for the 2.3 nm [110] SnNW under various strain condi-
tions showing the off I' valence valley band crossing behaviour. (d)
Conduction and valence band edge profiles of [110] SnNW with 4.2 nm di-
ameter under varying strain showing a quasi-linear dispersion.

for small strains in the 4.2 nm [110] SnNW. This results in a
small effective mass of the order of ~0.007m,. For larger
values of strain (>2%) the conduction band curvature
becomes more parabolic, and the valence band off I valley
band crossing leads to larger effective mass.

Young’s modulus (Y), as a critical mechanical property
of nanowires, has also been shown to depend on nanowire
orientation and diameter.'" Young’s modulus is determined

from'!
1 82E>
Y=—\|—]|._0,
VO <882 |&70

where Vg is the volume of relaxed nanowire, E is the strain
energy, and ¢ is uniaxial strain.

The strain energy of SnNWs is plotted for tensile and
compressive strains in Fig. 4. Young’s modulus for the [110]
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FIG. 4. SnNW strain energy with respect to tensile and compressive strains
for the [110] and [100] orientations and different diameters. This reflects the
Young’s modulus.

and [100] SnNWs is calculated from the strain energy and is
reported in Table I.

For SnNWs, Young’s modulus is larger for smaller
diameters reflecting an increasing “stiffness”. Nanowires ori-
ented along [100] show smaller Young’s moduli compared
to [110]. For comparison, Young’s modulus for bulk Sn is
41.4 GPa."”

A standard technique to introduce strain in nanoelec-
tronics is the use of alloying in nanostructures. Strains in the
range of 2%—4% have been realized for Si using Si,Ge,
alloys.® Sn,Ge, alloys have also been synthesised for engi-
neering the band structure of Ge."?

Here, we investigate inducing strain through alloying of
a 2.3nm-diameter SnNW along [110] orientation. As is
shown in Fig. 5(a), by inserting 1.6% Ge substitutionally in
the SnNW, a similar electronic structure as applying 2.5%
compressive uniaxial strain is obtained. In other words,
introducing 1.6% Ge into the nanowires modifies the unit
cell length along the nanowire axis equivalent to applying
2.5% uniaxial strain. Under 3% tensile strain, as depicted in
Fig. 5(b), the band gap energy reduction is lower comparing
to alloying with Pb. Also, the off I" valley responds differ-
ently between applying uniaxial strain and alloying with Pb.
Similar behaviour is observed for nanowires oriented along
the [100] direction.

In summary, we have studied the effect of uniaxial strain
and strain effects associated with alloying in «-SnNWs. For
specific orientations and diameters, uniaxial strain can be
used to introduce a transition between metal to semimetal
and semiconductor behaviour. This would allow controlling
the electron transport properties through mechanical strain.

TABLE I. Young’s modulus for SANW along [100] and [110] orientations
and different diameters.

[110] [100]
Dnw (nm) Y (GPa) Dnw (nm) Y (GPa)
1.2 130.1 1.3 54.3
2.3 70.1 2.8 45.9
42 58.7 4.5 44.1




123105-4

Ansari, Fagas, and Greer

>

L e Pristine SnNW [ | = Pristine SnNW

LT-]LH 0.0 F——1.6% Ge impurity B 1.6% Pb impurity
| - = =2.5% comprcssive - ---3% tensile

m B

1.0

S =X

FIG. 5. Energy bands of (a) nanowire under compressive uniaxial strain as
well as interstitial Ge impurity, and (b) nanowire under tensile uniaxial
strain and interstitial Pb impurity in a 2.3 nm SnNW along [110]. Band dia-
gram of pristine SnNW is also shown for comparison.

Carrier effective masses are calculated from the electronic
structures; extremely reduced electron and hole effective
mass (~0.007mg) for small strain in [110]-oriented SnNWs
with Dyw ~ 4 nm are found, due to a quasi-linear dispersion.
It has been shown that Young’s modulus of [100] orientation
is smaller than [110] SnNW and for both orientations it
increases with decreasing diameter. The effect of alloying on
the generation of tensile and compressive strains in SNNWs
is also investigated. Substitutional Ge shows similar effects

Appl. Phys. Lett. 105, 123105 (2014)

on the band structure as compressive strain in pristine wires;
consistent with Vegard’s law. In contrast, Pd alloying
behaves differently compared to uniaxial tensile stain.
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