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Performances of strained nanowire devices: ballistic
versus scattering-limited currents

Viet-Hung Nguyen, François Triozon, Fréd́eric D. R. Bonnet and Yann-Michel Niquet

Abstract—We discuss the performances of〈001〉 and 〈110〉
oriented gate-all-around silicon nanowire (Si NW) transistors
within a Non-Equilibrium Green’s Functions framework, taking
surface roughness and phonon scatterings into account. We show,
in agreement with previous studies, that uniaxial tensile (resp.
compressive) strains can significantly improve the mobility of
electrons (resp. holes) in the channel. This does not, however,
necessarily result in a comparable enhancement of the device
performances: Indeed, the current in short channels is limited
by both the scattering and the number of sub-bands available
for carrier transport in quantum confined systems (intrinsic
“ballistic” resistance). The dependence of the mobility and
ballistic resistance on strains can be different, which calls for a
careful design of the devices. We show, in this respect, that〈110〉
Si NWs provide the best opportunities for strain engineering in
ultimate short channel transistors.

Index Terms—Nanowire; Transistor; Mobility; Strain; Green
functions

I. I NTRODUCTION

T HE challenges posed by the extreme scaling of metal-
oxide-semiconductor field-effect transistors (MOSFETs)

have strengthened the need for innovative device architectures
with better electrostatic control and minimal short channel
effects [1]. In principle, gate-all-around silicon nanowire (Si
NW) transistors can achieve the best gate efficiencies, and
are therefore promising candidates for sub-10 nm technology
nodes [2]–[4]. However, simulations have shown that the
carrier mobility usually goes down with decreasing nanowire
diameter [5]–[8], which questions the benefits of these archi-
tectures. The electrical properties of semiconductor devices
can, nonetheless, be improved using strain engineering tech-
niques [9], [10]. The latter are already widespread in planar
technologies, and shall be even more efficient in Si NWs,
which can withstand large strains. Significant performance
enhancements have been predicted in sub-10 nm Si NWs [11]–
[14], and have been already observed experimentally [15].

The impact of strain however needs to be assessed in
realistic short-channel devices and at high drain-source bias.
The Non-Equilibrium Green’s Functions (NEGF) method [16]
is best suited for that purpose, because it treats quantum
confinement, scattering, out-of-equilibrium and short channel
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effects in a unified framework. Three-dimensional (3D) NEGF
simulations have already unveiled a lot of information about
transport in quantum confined Si NWs (with surface roughness
and/or phonons for example [17]–[23]). The carrier mobility
in Si NWs has, in particular, been extracted from gate length
scaling analyses, for different scattering mechanisms [21],
[24].

These calculations have highlighted the importance of the
“ballistic” corrections in short channel devices [25], [26].
Indeed, the current in a Si NW can be limited by the
number of sub-bandsNm available for carrier transport. The
resistance of a ballistic channel actually tends to1/(G0Nm)
at low temperature, whereG0 = 2e2/h is the quantum of
conductance. The current in ballistic Si NW devices can be
computed with NEGF methods [27], or with simpler top-of-
the-barrier models [28], [29]. A few studies have discussed
the impact of strain on ballistic Si NW transistors [30], [31].
However, NEGF calculations capturing the interplay between
strains, ballistic resistance and scattering are still missing.

In this article, we present NEGF simulations of uniaxially
strainedn- and p-type Si nanowire field effect transistors
(NWFETs), with phonon and surface roughness scattering.
This study features several novelties. It combines the strengths
of the 3D NEGF approach (self-consistent treatment of scat-
tering) with multi-bandsk · p descriptions of the effects of
strains on electrons and holes in Si NWs with a diameter of
8 nm, close to the size of experimental devices [3], [4]. More
importantly, accurate mobilities and ballistic resistances are
obtained from additional NEGF simulations on junctionless
Si NWs with different lengths. This allows a quantitative
analysis of the balance between ballistic and scattering-limited
currents as a function of channel orientation and strains. This
study extends the mobility calculations discussed in [14] and
provides quantitative guidelines for strain engineering in short
channel devices.

II. M ETHODOLOGY

The transport properties of the Si NWs are computed
in a NEGF framework [16] based on a two bandsk · p
model for the electrons [32] and on a three bandsk · p
model for the holes (no spin-orbit coupling) [33]. The two
bandsk · p model, which couples opposite∆ valleys, indeed
reproduces the effects of non-parabolicity and shear strains on
the conduction bands very well, at variance with the simple
effective mass approximation [34]. Moreover, ballistic and
mobility calculations (along the lines of Ref. [8]) show that
spin-orbit coupling has little effect (< 5%) on the current in
the nanowires.
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Fig. 1. The simulated devices are cylindrical gate-all-around Si NWFETs
with diameterd = 8 nm and gate lengthLg = 16 nm. The carrier density
in a n-doped, unstrained[110] oriented device is plotted atVgs −Vth = 0.5
V andVds = 25 mV.

The devices are cylindrical gate-all-around Si NWFETs
with diameterd = 8 nm, gate lengthLg = 16 nm, and
〈001〉 or 〈110〉 orientation. The gate stack is made of a 1
nm thick SiO2 and of a 2 nm thick HfO2 shell (not included
in the k · p models). The simulation domain includes 16 nm
long source/drain access regions withn or p-type doping
(background dopant concentrationN = 1020 cm−3). The
channel is undoped. Thek·p hamiltonians are discretized on a
finite differences mesh with a 2̊A step. In uniaxially stretched
Si NWs, the perpendicular strainsε⊥ are computed [35] as a
function of the applied longitudinal strainε‖ following Ref.
[14].

The NEGF equations are solved self-consistently in a fully
coupled mode space approach [36] (192 modes for electrons
and 320 modes for holes). NEGF can account for both elastic
(surface roughness) and inelastic (phonons) scattering ina
seamless way. We use a standard exponential autocorrelation
function model for surface roughness (SR) [37], with rms
radius fluctuations∆ = 0.25 nm and correlation length
Lc = 1.4 nm. As for phonons, we use the local approximation
[38] for the “lesser” self-energiesΣ<,

Σ<
i (E) =

∑

n

KnΞnG
<
i (E)Ξn . (1)

Here i stands for a given mesh point,Kn is the coupling
constant for phonon moden, Ξn is a2×2 (electrons) or3×3
(holes) matrix mixingk · p bands, andG<

i (E) is the lesser
Green function at energyE. For electrons, we borrowed the
intra-valley acoustic deformation potential, the 3f -type and
the 3g-type inter-valleys processes from Ref. [39]. For holes,
we designed [40] a model based on the acoustic deformation
potentialsav, bv anddv of the valence band, and on Ref. [41]
for optical phonon scattering. Both models reproduce the
temperature dependence of the bulk mobilities.

III. R ESULTS AND DISCUSSION

The current inn- and p-type Si NWFETs is plotted as a
function of the gate overdriveVgs−Vth in Fig. 2, at low source-
drain biasVds = 25 mV in the linear regime. The threshold
voltagesVth and the transconductancesgm have been extracted
from the ON-state data [I = ±gm(Vgs−Vth−Vds/2)], and the
subthreshold slopesS from the OFF-state data [log10 I(Vgs) =
±Vgs/S +C]. The I(Vds) characteristics of the same devices
are plotted in Fig. 3, for three different gate overdrives.

There are two striking features on these figures. First,
the ON-state performances of unstrained Si NWFETs can

Fig. 2. Room-temperatureI(Vgs) characteristics of free standing (dashed
lines) and uniaxially strained (solid lines)n- andp-type Si NWFETs, at low
source-drain biasVds = 25 mV. Blue lines with dots (•) are 〈001〉 oriented
devices, while red lines with squares (�) are 〈110〉 oriented devices. The
longitudinal strain isε‖ = 1.5% for n-type NWFETs, andε‖ = −1.5% for
p-type NWFETs. The current is normalized with respect to the circumference
πd = 25.1 nm of the nanowires.

be very dependent on the nanowire orientation. While the
transconductance is about the same in〈001〉 and 〈110〉 n-
NWFETs, it is60% larger in〈110〉 than in〈001〉 p-NWFETs.
The currents in the saturation regime are, likewise, between 30
and 40% larger in 〈110〉 p-NWFETs (depending on the gate
overdrive).

Second, the responses of these Si NWFETs to strains are
very different. Whatever the orientation, uniaxial tensilestrains
increase the performances ofn-NWFETs, while compressive
strains tend to increase the performances ofp-NWFETs. The
improvement is however marginal in〈001〉 oriented devices,
while it can reach almost2× in 〈110〉 oriented NWFETs [15].
The subthreshold slope ranges between 70 and 75 mV/decade
for all (strained and unstrained) devices.

These data suggest that the devices have different transport
properties (e.g., carrier mobilities) and/or different electrostat-
ics (gate capacitances). However, at gate overdriveVgs−Vth =
0.5 V and low biasVds = 25 mV for example, the carrier
density per unit length,n1d, is the same (±4%) in the channel
of all n-NWFETs, and of allbut strained〈001〉 p-NWFETs
(where it is∼ 10% lower). Transport properties are, therefore,
essentially ruling the behavior of these devices.
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Fig. 3. Room-temperatureI(Vds) characteristics of the same devices as in Fig. 2. The legend gives the gate overdriveVgs −Vth and the longitudinal strain
ε‖ for each line.

In the following, we mostly focus our discussion on the
low bias (linear) regime. It nicely illustrates the physicsat
hand and explains at least qualitatively the trends at high bias
(Fig. 3), as suggested by the simplest models for field-effect
transistors [42].

As we shall confirm later, the current in the devices is
mostly limited by the resistanceRch of the channel. The
resistance of the heavily doped access regions is indeed much
lower thanRch [43], thanks to the very large carrier density
and the absence of SR scattering there (see Fig. 1). Our
simulations are therefore essentially probing the response of
the channel to strains. At lowVds, Rch can be written:

Rch(Lg) = R0 +
Lg

n1dµe
. (2)

The second term (∝ Lg) is the usual “diffusive” resistance
that can be characterized by the carrier mobilityµ. The
first term (R0) is known as the “ballistic” resistance [25],
[26]. It is primarily bound to the number of sub-bandsNm

available for carrier transport in the channel. At zero tem-
perature, the resistance of a purely ballistic device is indeed
R0 = 1/(G0Nm) = 12.9kΩ/Nm. At finite temperatureT ,
assuming Maxwell-Boltzmann statistics and a single transport

massm∗ for all sub-bands [44]:

1

R0

= −2e2

h

∫

dε

(

∂f

∂ε

)

t(ε) =
n1de

2

√
2πm∗kT

(3)

wheref(ε) = exp[(εf − ε)/kT ] is the distribution function,
andt(ε) the transmission function, which is equal to the num-
ber of sub-bands at energyε. Although the above assumptions
may not hold in general, this equation nicely evidences the
main parameters and trends of the problem.

In long channels, the current is ultimately limited by the
diffusive term (Lg/(n1dµe) ≫ R0). R0 however puts a fun-
damental, lower limit to the contact and spreading resistance
of the devices, and shall therefore be dominant in short enough
channels.

We have computed the carrier mobility and ballistic resis-
tance of the nanowires within our NEGF framework. For that
purpose, we considered fully gated, junctionless Si NWs (no
doped access regions) with lengthsL ranging from 8 to 32
nm. We applied a small, constant longitudinal electric field
Vds = (0.0625 mV/nm)L and swept the gate voltageVgs.
We monitored the average carrier densityn1d in the nanowires
and their resistanceR(L, n1d) = Vds/I. We finally extracted
µ(n1d) and R0(n1d) from a linear regression with Eq. (2).
This is illustrated in Fig. 4 for different surface roughness
profiles. In general, the resistance is pretty linear withL and
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Fig. 4. ResistanceR as a function of lengthL in free standing and uniaxially
strained〈110〉 Si NWs with diameterd = 8 nm. The electron density is
n1d = 107 cm−1. The data for 3 different surface roughness profiles are
plotted for each length. The lines are fits by Eq. (2). The resistanceR0

computed in a purely ballistic device [“×” symbols atL = 0] and with Eq.
(3) [“+” symbols atL = 0] are also given.

does not show much variability (except possibly in the shortest
NWs). The NWs are, indeed, typically much longer than the
correlation length of the SR disorder, and electron-phonon
interactions help mitigate localization. We have also reported
on Fig. 4 the resistanceR0 computed in a purely ballistic NW
(neither phonons nor SR scattering), and with the simple Eq.
(3). Actually, the ballistic resistanceR0 extracted from Eq.
(2) is always slightly larger than the resistance of the purely
ballistic NW, as is tends to be limited by the thinnest sections
in rough devices [45].

The mobility is plotted as a function of the carrier density
in Fig. 5. At low carrier density, where the current is mostly
limited by electron-phonon interactions, the data are consistent
with the results of Refs. [8] and [14]. The electron mobility
is almost the same in〈001〉 and〈110〉 Si NWs. It is enhanced
by uniaxial tensile strains, that empty the heavy∆ valleys
off Γ into the light ∆ valleys atΓ, as illustrated in Fig. 6
(up to 50% increase atε‖ = 1.5%). The hole mobility is
3× larger in 〈110〉 than in 〈001〉 Si NWs, and is strongly
improved by unaxial compressive strains, that promote light
hole bands (up to5−6× increase atε‖ = −1.5%). The picture
is however different at large carrier density, where surface
roughness scattering comes into play. First, the differences
between unstrained〈001〉 and〈110〉 get thinner, especially for
holes. Second, strains hardly improve the carrier mobilityin
〈001〉 Si NWs, while they remain an efficient booster in〈110〉
Si NWs. These trends are reminiscent of the shape of the band
structure at high energy; In this respect〈110〉 Si NWs exhibit
worthwhile properties (in particular, high carrier velocities)
in a larger energy window than〈001〉 Si NWs, especially in
strained devices.

The devices of Fig. 2 typically operate in the. 2 × 107

carriers per cm range. It is clear from Fig. 5 that the mobility
µ does not quantitatively explain the orientational and strain
dependence of the current. In particular, the increase of current
in strained〈001〉 NWs is much lower than expected from the

Fig. 5. Room-temperature, phonon+surface roughness limited electron and
hole mobilities as a function of carrier density in free standing and uniaxially
strained Si NWs with diameterd = 8 nm.

mobility data. We therefore now turn our attention to the first
term of Eq. (2),R0.

The ballistic resistanceR0 extracted from the linear re-
gression and the total resistanceRch of the 16 nm long
channel are plotted in Fig. 7.R0 is actually as large as
0.75Rch in unstrained〈110〉 n-NWFETs, and about0.6Rch in
unstrained〈110〉 p-NWFET. It is, therefore, a major part of the
resistance of the channel. The relationI ∼ Vds/Rch is satisfied
within 15% by the devices of Fig. 2. This confirms that the
resistance of the highly doped source/drain access regions, and
the resistance due to mode mismatch at the entrance of the
channel, are both negligible here – a basic assumption also
made in top-of-the-barrier models for example [28], [29].

Understanding the dependence of the ballistic resistance on
strains is, therefore, of primary importance. Let us focus on n-
NWFETs first. In〈001〉 Si NWs, the∆ valleys split into light,
fourfold degenerate∆1 ≡ ∆x,y valleys atΓ (m∗ = 0.19)
and heavier, twofold degenerate∆2 ≡ ∆z valleys off Γ
(m∗ = 0.92, see Fig. 6). Likewise, in〈110〉 Si NWs, the
∆ valleys split into light, twofold degenerate∆1 ≡ ∆z

valleys atΓ (m∗ = 0.18) and heavier, fourfold degenerate
∆2 ≡ ∆x,y valleys off Γ (m∗ = 0.55) [14]. R0 is therefore
the ballistic resistanceR0,∆1

of the ∆1 valleys in parallel
with the ballistic resistanceR0,∆2

of the∆2 valleys; namely
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Fig. 6. Conduction and valence band structures of free standing (dotted blue lines) and uniaxially strained (solid red lines) Si NWs with diameterd = 8
nm (ε‖ = 1.5% for electrons andε‖ = −1.5% for holes).a = 5.431 Å is the lattice parameter of Si.

R−1
0 = R−1

0,∆1
(n1) + R−1

0,∆2
(n2), wheren1 and n2 are the

partial densities in∆1 and∆2 valleys (see “+” symbols on
Fig. 4 for an illustration). SinceR0 ∝ m∗1/2, the∆2 valleys
show a much larger ballistic resistance than the∆1 valleys
(for a given density). Under unaxial tensile strains, the∆2

valleys rise in energy and empty into the∆1 valleys, which
increasesR0,∆2

, but decreasesR0,∆1
(henceR0). The gain

is, however, much greater in〈110〉 NWFETs becausei) the
population of the unfavorable∆2 valleys is larger in unstrained
〈110〉 than in unstrained〈001〉 devices (fourfold vs twofold∆2

degeneracy), andii) the mass of the∆1 valleys of〈110〉 NWs
decreases fromm∗ = 0.18 at ε‖ = 0 down to m∗ = 0.13
at ε‖ = 1.5% due to shear strains [14], [34]. Therefore, the
〈110〉 n-NWFETs show a35% decrease in ballistic resistance
R0 at ε‖ = 1.5%, while the 〈001〉 n-NWFETs only show a
modest12% improvement.

As for holes, uniaxial compressive strains push heavy holes
down and bring light holes at the top of the valence band in
〈110〉 p-NWFETs (see Fig. 6). This increases the population
of light with respect to heavy holes, and significantly reduces
the ballistic resistanceR0 (by up to 38% at ε‖ = −1.5%).
The situation is more complex and contrasted in〈001〉 Si
NWs. As discussed in Ref. [14], the holes are very heavy in
unstrained nanowires; Although strains improve the picture,
many high-lying valence bands remain little dispersive, which

degrades the ballistic resistance at large carrier densities, and
limits the enhancement of the performances of strained〈001〉
p-NWFETs. Also, as pointed out earlier, the carrier density is
about10% lower in strained〈001〉 p-NWFETs than in otherp-
type devices at large gate overdrives. Although our estimate for
the threshold voltage can be questioned, the〈001〉 p-NWFETs
are the only devices showing large discrepancies between
current and charge based criterions forVth, reminiscent of
the stronger non-linearities visible, e.g., on Fig. 7.

IV. CONCLUSION

Our results demonstrate that the ballistic resistance is an
important part of the total resistance of short channels and
must be optimized along with the mobility. In general, unaxial
tensile strains, which increase electron mobility, also decrease
ballistic resistance inn-NWFETs, while uniaxial compressive
strains, which increase hole mobility, also decrease ballistic
resistance inp-NWFETs. The quantitative trends are, however,
different in 〈001〉 and 〈110〉 Si NWs. The ballistic resistance
is not improved as much as the mobility in strained〈001〉 Si
NWs, so that the performances of short channels are little en-
hanced. On the contrary, uniaxial strains consistently improve
ballistic resistance and mobility in〈110〉 Si NWs, providing
much more opportunities for efficient strain engineering in
these nanowires.
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Fig. 7. Ballistic resistanceR0 as a function of carrier density in free standing and uniaxially strained Si NWs with diameterd = 8 nm. The total
(ballistic+diffusive) resistanceRch of a 16 nm long channel is also plotted for comparison.
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