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Abstract—The performance of uniaxially strained Si
nanowires (SiNWs) is investigated with the multiband
k.p method. A rigorous quantum-mechanical calculation
of hole current based on the non-equilibrium Green’s
function (NEGF) method is carried out. For both
unstrained/strained-SiNWs, the necessity of using the tuned
k.p parameters instead of the bulk k.p parameters for nano-
scaled devices is examined by benchmarking with the tight-
binding (TB) method. The on-current characteristics of
the unstrained/strained-SiNWs are analyzed as a function
of the aspect ratio of channel length (L) and width
(W ). The amount of on-current increase due to strain
is quantitatively calculated, which shows an increasing
behavior with respect to L/W .
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I. INTRODUCTION

Strain engineering, which can be efficiently applied
during fabrication processes, has become a compulsory
technique to give an enhanced performance in MOSFET
devices [1]. Recent theoretical studies on strain have
shown that the uniaxial strain plays a significant role on
the transport properties in nanowire FETs [2]–[6].

The bulk crystal symmetry is not preserved in
nanowire structure so the quantitative results obtained
from the bulk k.p parameters give rise to inappropriate
description in the ultra-narrow devices. For this reason,
continually using the bulk k.p parameters in the non-
atomistic k.p method is expected to bring errors when
the nanowire diameter becomes smaller. Though an
empirical tight-binding (TB) approach would be more
rigorous for the quantum calculations, it takes enormous
computational burden so only ultra-narrow nanowires
have been treated [7], [8].

Hence, a promising solution is to use the k.p method
with modified parameters by benchmarking with the
atomistic model such as TB, which will give sufficiently
accurate results comparable to atomistic calculations
in a-few-nanometer devices with significantly reduced
computational time.

Fig. 1: (a) Schematic diagram of gate-all-around p-type silicon
nanowire FETs with the uniaxial compressive strain. (b) Cross-
sectional view at the center of the channel.

In this paper, band structures of the SiNWs by the
k.p method using the bulk parameters and tuned pa-
rameters are compared and their behaviors of valence
band edge (VBE), hole effective mass (m∗), and the
energy difference between top two valence bands (∆EV )
against applied strain are examined. The characteristics
of the on-current (Ion) in unstrained/strained-SiNWs are
described as a function of channel length (L) over
channel width (W ). Especially, we calculate the on-
current increase rate of Ion in the strained-SiNWs (Iston)
over Ion in the unstrained-SiNWs (Iunston ) and investigate
its dependence on L/W .

II. METHODOLOGY

To describe the hole transport in the valence band, we
use an in-house tool based on the 6-band k.p method
with the k.p parameters adjusted against the sp3s∗ TB
model [9]. The simulated devices are three-dimensional
(3D) rectangular silicon nanowire FETs (SiNWs) with
gate-all-around (GAA) structure as shown in Fig. 1. The
source and drain regions of MOSFETs are heavily p-
doped (∼ 1020cm−3) whereas the channel is intrinsic.
The SiO2 oxide thickness is assumed to be 1 nm and the
drain bias VDS is 0.5 V. The parameter L/W is varied
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Fig. 2: Unstrained band structures of [100]-SiNW with W = 5
cross section by (a) k.p method using the bulk parameters, (b) the
k.p method using the tuned parameters (solid lines) and TB (open
square symbols) approach. The band structures under ε|| = 2%
compressive strain by (c) k.p method using the bulk parameters, (d)
k.p method using the tuned parameters (solid lines) and TB (open
squares symbols) approach.

from 2 to 7 where L and W are individually changed.
The compressive uniaxial stress ε|| = 0 ∼ 2% is

applied along the transport direction of Si channel. The
approach to realize the strain effects with the multi-
band k.p descriptions is detailed in [10]. We use a full
quantum treatment by employing the non-equilibrium
Green’s function approach and self-consistently solv-
ing Schrodinger-Poisson equations in the coupled mode
space. All the physical quantities expressed with upper
subscript of ‘unst’ are for unstrained-SiNWs and ‘st’ are
for strained-SiNWs.

III. RESULTS

A. k.p parameters in Band structure

The band structures calculated by using the bulk and
tuned k.p parameters are respectively shown in Fig.
2(a)-(b) under unstrained condition. These results have
already been reported in [9] showing that the band
structure by using the bulk k.p parameters looks quite
different from that of TB result while the band structure
by using the tuned k.p parameters is much closer to the
TB calculation. We have found that using the tuned k.p
parameters under strain condition is still valid for the
k.p band calculation which gives the similar results to
the TB band as shown in Fig. 2(c)-(d). These tuned k.p
parameters can be applied to other directions (i.e., [110]
or [111]), although only [100] band structures are shown
here.

In Fig. 3(a)-(c), the valence band edge (VBE), nu-
merically calculated hole effective masses (m∗), and the
energy difference between top two valence bands (∆EV ,
as in EV 1 − EV 2) of [110]-SiNWs by using the tuned
k.p parameters and the bulk k.p parameters for different
W ’s are compared. For all W ’s, the VBE tends to upshift

Fig. 3: Variation of the (a) valence band edge (b) hole effective
masses, and (c) energy difference between top two valence bands of
[110]-SiNWs as a function of strain for different wire widths (W ) by
using the bulk k.p parameters (dashed lines) and tuned k.p parameters
(solid lines).

Fig. 4: Valence band structure of unstrained (black short dots) and
uniaxial strained (red solid lines) [110]-SiNWs of (a) W = 3 (b) W
= 5 (c) W = 7 nm wire width with the uniaxial compressive strain
(ε|| = 2%) by using the tuned k.p method.

and the hole effective mass is reduced with compressive
strain while the energy difference between the top two
valence bands hardly changes (consults Fig. 4). The
results obtained from the bulk k.p parameters are also
displayed in the figure. The main features of the valence
bands do not change much when the bulk k.p parameters
are used so that the overall qualitative trend seems to
be similar. However, due to the quantum confinement
effects, the difference between the band structure by
using the tuned k.p parameter and the band structure
by using the bulk k.p parameter is increased as the
size of nanowire is reduced. Hence, using the tuned k.p
parameters is important in the quantum simulation as the
nanowire size decreases.

B. On-current (Ion) Calculation

Fig. 5(a),(b) show Iunston and Iston of [110]-SiNWs as
a function of L/W , respectively. The off-current (Ioff )
criteria is set to 100nA/µm and Ion is normalized by W .
For unstrained-devices, Iunston is increased as W becomes
smaller and L becomes longer. Iston, however, shows weak
dependency on W : that is, large sized [110]-SiNWs can
have comparable performance to that of smaller sized
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Fig. 5: Ion of [110] (a) unstrained-SiNWs, (b) strained-SiNWs, and
(c) ∆Son as a function of L/W .

Fig. 6: (a) ID − VG characteristics of [110] unstrained (dashed
lines) and uniaxial strained (solid lines) SiNWs when L/W = 4. (b)
Dependence of ∆V BE (left axis) and m∗ (right axis) on W .

[110]-SiNWs if stress is applied. This result implies that
applying uniaxial compressive strain in [110]-SiNWs can
be the powerful technique for enhanced hole transport
properties instead of reducing the device size into ultra-
nano scale.

In Fig. 5(c), the on-current increase rate (∆Son =
(Iston − Iunston )/Iunston ) as a function of L/W is shown.
The first thing to notice is that ∆Son is increased
as W becomes larger. As mentioned above, the hole
effective mass is reduced by the compressive strain for
all W ’s. We have found that the reduction amount of
the effective mass by strain (∆m∗ = |m∗

unst| − |m∗
st|) is

also increased with the increase of W which is clearly
shown in Fig. 6(b). Unlike m∗, changes in valence band
edge (∆V BE = V BEst−V BEunst) is almost invariant
with respect to W . Consequently, lighter effective mass
of wider strained-SiNWs gives rise to significant increase
of Ion compared to that of in narrow strained-SiNWs
under equal stress which can be seen in Fig. 5(b) and
Fig. 6(a), respectively.

In terms of the channel length, on the other hand,
∆Son shows decreasing behavior as L becomes shorter
even though m∗ and VBE have no relevance with the
channel length variation. The increase of Iston by strain in
the short-channel devices is not as much as that in the
long-channel devices. When channel length is decreased,

Fig. 7: (a) ID − VG characteristics of [110] unstrained (dashed
lines) and strained (solid lines) SiNWs for different channel lengths.
(b) Contribution of the tunneling current (Itunn

D ) to the total current
(ID) as a function of VG. (c) Example potential profiles in the off-
region (VG = -0.2V) for unstrained (dashed lines) and strained (solid
lines) devices and the (d) corresponding current distributions are
represented. (e) SS of unstrained (dashed lines) and strained (solid
lines) SiNWs with respect to L. W is fixed as 5 nm.

the potential barrier becomes thinner and holes can easily
tunnel through the barrier (Fig. 7(c)-(d)). Namely, holes
having reduced m∗ by strain are able to pass through the
barrier more easily than in the case of the unstrained-
devices. It gives rises to large tunneling current in the
off-region and appears significantly when the channel
length is shorter. In Fig. 7(b), we illustrates that the
subthreshold current in the relatively short channel case
(L = 10 nm) is dominated by the tunneling current
while that in the long channel case (L = 45 nm) is
almost ignorable. Accordingly, the subtrheshold-swing
(SS) value increases with decrease of L as shown in
Fig. 7(e) which can be also confirmed in the ID − VG

characteristics in Fig. 7(a).

IV. CONCLUSION

In summary, we have examined the hole transport
properties in uniaxial strained-SiNWs by using the 6-
band k.p method. Adequately precise calculation can be
performed by using the k.p parameters that are tuned
against sp3s∗ TB method.

We have investigated the dependence of the on-current
increase rate ∆Son on L/W . ∆Son is increased with
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the increasing W which implies that the strain impact
becomes stronger with larger W . The reduction amount
of the effective mass (∆m∗) by strain is proportional
to the size of the nanowire so Ion of wider SiNWs is
remarkably increased by strain. These results demon-
strate that even large size of the [110]-SiNWs can have
comparable hole transport properties to that of small size
of the [110]-SiNWs if compressive stress is applied.

In terms of L, the tunneling probability of holes in the
off-region becomes greater in the short-channel devices,
and it becomes more noticeable when the hole effective
mass is reduced by the strain. The large off-current
offsets the increase of Iston in short-channel devices, and
therefore ∆Son tends to decrease with shorter L.
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