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Impact of Strain on Tunneling Current and
Threshold Voltage in III-V Nanowire TFETs

Michele Visciarelli, Elena Gnani,Member, IEEE, Antonio Gnudi,Member, IEEE,
Susanna Reggiani,Member, IEEE, and Giorgio Baccarani,Life Fellow, IEEE

Abstract—A simulation study on the effects of different strain
configurations on n-type III-V-based nanowire Tunnel-FETs is
presented, with the aim to determine optimal strain conditions
to enhance device performance. We find that both biaxial tensile,
and uniaxial compressive stress, shift up the valence band.
Biaxial stress, however, lowers the conduction band as well, thus
providing the largest reduction of the energy bandgap. Instead,
the gap variation is limited for biaxial compressive and uniaxial
tensile strains. Moreover, for these strain conditions, the lowest
conduction subband is not connected to the highest valence
subband via the imaginary wave vector but to a lower one. This
leads to an “effective” band gap higher than expected, which
reflects into a large threshold increase and a degradation ofthe
on-state current.

Index Terms—Tunnel FETs, strain, nanowire, III-V materials,
NEGF

I. I NTRODUCTION

T UNNEL FETs are one of the most promising device
architectures which could possibly overcome the fun-

damental MOSFETs limit of the inverse subthreshold slope
SS≥ 60mV/dec. A steeper SS is in fact an essential prereq-
uisite for an aggressive supply-voltage scaling below0.5V in
CMOS technology [1]–[3]. This device architecture, however,
is still affected by a number of drawbacks still unsolved:
1) achieving a higher on-state currentION; 2) suppressing
ambipolar effects, and, 3) dealing with the superlinear onset
and high saturation voltage of the output characteristics [4].
One possible way to tackle these limits is the introduction of
strain [5]–[7]. It has been recently asserted that a substantial
performance improvement of homojunction InAs nanowire
(NW) TFETs can be achieved using appropriate stress condi-
tions, namely, biaxial tensile, and uniaxial compressive stress
[8], [9]. Both conditions do in fact narrow the bandgap, thereby
enhancing the tunneling probability.
In this letter, the scope of the investigation is widened to
include additional stress conditions, namely the biaxial com-
pressive and uniaxial tensile stresses. The latter exhibits an
anomalous behavior, as it still narrows the bandgap, albeitto
a lesser extent than the opposite condition proposed in [8].
It is thus of interest clarifying such an anomaly. In doing
so, we found that an analysis based uniquely on bandgap
narrowing can be misleading, because, in some cases, the
lowest conduction subband is not connected to the highest
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Fig. 1. Left: sketch of the simulated nanowire TFETs (not to scale). The
coordinate system is also shown, together with the crystallographic one. The
nanowire transport orientation is [100]. Right: profile of the first conduction
and valence subbands for the5 × 5 nm2 InAs nanowire along the transport
direction at VDS=0.3 V.

valence band via the imaginary branch of the wave vector.
This leads to an “effective” band gap, that is somewhat
wider than the real one, causing a decrease ofION and a
large threshold increase. This is exactly the case for biaxial
compressive and uniaxial tensile conditions. These results can
be of technological interest and help avoid unintentional strain
conditions that could degrade, rather than improve, the device
performance.Moreover, if an optimization procedure would be
carried out to find the best channel material for Tunnel FETs
in terms of bandgap and effective mass [10], in the presence
of strain the “effective” bandgap should be considered instead
of the material energy gap.

II. D EVICE UNDER STUDY AND PHYSICAL MODEL

Calculations have been performed for different III-V-based
nanowire Tunnel-FETs. As an example, results obtained for
ann-type InAs homojunction gate-all-around (GAA) reference
device will be presented. The device structure is shown in Fig.
1, with Lside = 5 nm, Lsource = 20 nm, Lgate = 20 nm and
Ldrain = 40 nm, source dopingNS = 5 × 1019 cm−3, drain
doping ND = 1 × 1018 cm−3, and Tox = 1 nm of SiO2.
The drain doping is much lower than the source one to limit
the ambipolar effect related to channel-drain band lineup (see
subband profiles in Fig. 1-right). Therefore, a longer drain
region is necessary to ensure charge neutrality at the drain
contact. The nanowire transport orientation is [100] and the
nanowire sides are along the [010] and [001] directions.
The in-house simulator employed for the present investigation
is based on a 4-bandk · p Hamiltonian [11], to accurately
model band structure effects. The 4-band model has been
used instead of the 8-band one to reduce the computational
burden and to increase the readibility of the band structure. A
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Fig. 2. Energy dispersion for the5 × 5 nm2 InAs nanowire: (a) biaxial tensileTyy = Tzz = 2GPa; (b) biaxial compressiveTyy = Tzz = −2GPa; (c)
uniaxial tensileTxx = 2GPa; (d) uniaxial compressiveTxx = −2GPa. Biaxial tensile strain shifts up the valence band and lowers the conduction band,
giving the largest gap reduction among all cases. For the uniaxial tensile and biaxial compressive strain, the imaginary wave vector does not connect the
lowest conduction subband with the highest valence subband, but with a valence subband at≈ 0.2 eV below the first one.

TABLE I
BAND GAP, “ EFFECTIVE” BAND GAP, AND ELECTRON (HOLE) EFFECTIVE

MASS OF THE FIRST CONDUCTION(VALENCE) SUBBAND FOR THE

UNSTRAINED, BIAXIAL AND UNIAXIAL STRESS CONDITIONS AS IN FIG. 2.
THE EFFECTIVE MASS VALUES ARE EVALUATED FROM THE REAL BRANCH

OF THEE(k) SHOWN IN FIG. 2.

EG [eV] “effective”
EG [eV]

me [m0] mh [m0]

Unstrained 0.735 − 0.057 0.057
Biax. tens. 0.45 (−39%) − 0.036 (−37%) 0.033 (−42%)
Biax. comp. 0.81 (+10%) 1.0 (+25.5%) 0.077 (+35%) 0.33 (+226%)
Uniax. tens. 0.67 (−8%) 0.88 (+31%) 0.072 (+26%) 0.33 (+226%)
Uniax. comp. 0.58 (−21%) − 0.043 (−24.5%) 0.039 (−31%)

ballistic and full 3D transport model is adopted based on the
Non Equilibrium Green Function (NEGF) formalism. Strain
is taken into account following Bahder’s theory [12], [13],
according to which a strain-dependent matrix is added to the
standardk · p matrix. Material parameters are taken from
[14] (zinc-blende crystal structure is assumed), and spurious
solutions are eliminated using the procedure proposed in [15].

III. E FFECT OF STRAIN ON THE BAND STRUCTURE

Fig. 2 reports the calculated energy dispersion relation-
ship under different strain conditions: biaxial tensile (Tyy =
Tzz = 2GPa), biaxial compressive (Tyy = Tzz = −2GPa),
uniaxial tensile (Txx = 2GPa), and uniaxial compressive
(Txx = −2GPa). Uniaxial strain has been applied along the
transport direction of the device, whereas biaxial strain has
been applied to the device cross section, hence perpendicularly
to the transport direction. All non explicitly mentioned stress
components are set to zero. Both biaxial tensile and uniaxial
compressive stresses shift up the valence band, but biaxial
stress also lowers the conduction band and, thus, achieves the
largest reduction of the band gap and of the imaginary wave-
vector in the gap. The InAs nanowire band gap is reduced
from ≈ 0.73 eV to about0.45 eV with biaxial tensile stress,
and the electron and hole effective masses decrease roughly
by the same factor (see Table I). Note that the effective mass
values are evaluated from the real branch of the dispersion
relationshipE(k) shown in Fig. 2. For biaxial compressive
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Fig. 3. Energy dispersion for bulk InAs (left), GaAs (center), and GaSb (right)
under biaxial compressive strainTyy = Tzz = −2GPa. For all of them, the
first conduction band is connected via the imaginary wave vector with the
second valence band. The 8-band model has been used here.

strain, instead, the band gap slightly increases by 70 meV,
while, for uniaxial tensile strain,EG, extracted from the real
part of theE(k), unexpectedly decreases by 60 meV. From
Fig. 2 we can clearly see that the lowest conduction subband is
not connected to the highest valence subband via the imaginary
branch of the wave vector. It is connected instead to a valence
subband≈ 0.2 eV below the highest valence subband. This
leads to an “effective” band gap higher than that inferred from
the inspection of the real branch ofE(k) (see Table I).
It is worth noting that this effect takes place also for bulk
and thin body devices, and is independent of the device cross
section [16]. A similar behavior is found for other III-V
materials, such as GaSb and GaAs. For example, Fig. 3 shows
theE(k) for bulk InAs (left), GaAs (center), and GaSb (right)
under biaxial compressive strainTyy = Tzz = −2GPa. For
all of them, the first conduction band is connected via the
imaginary wave vector with the second valence band.

IV. TFET SIMULATION RESULTS

The different strain configurations, shown in Fig.2, have
a strong impact on the current-voltage characteristics. Fig. 4
compares I-V curves for the5 × 5 nm2 InAs nanowire TFET
for different stress conditions. The current is normalizedwith
respect to the nanowire side, and all simulations are carried
out atVDD = 0.3V. In Fig. 5 the metal gate work function has
been adjusted to have IOFF = 1 nA/µm atVGS = 0V. Biaxial
tensile strain reduces the threshold voltageVT and increases
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Fig. 4. IDS versusVGS curves atVDS = 0.3V for the InAs homojunction
device with different strain types. The current is normalized with respect to
the nanowire side. There are two unfavorable strain configurations which give
a smallION and an unusual behavior: uniaxial tensile and biaxial compressive
strain.

Fig. 5. IDS versusVGS curves atVDS = 0.3V for the InAs homojunction
device with different strain types. The current is normalized with respect to
the nanowire side. The metal gate work function has been adjusted to to have
IOFF = 1 nA/µm at VGS = 0V.

the on-current due to bandgap narrowing. The drawback is
the leakage current increase due to ambipolarity (above 5
nA/µm) and a substantial slope degradation due to the higher
degeneracy caused by the effective-mass decrease (see Table I)
[4]. A similar trend can be seen for uniaxial compressive strain,
albeit with a smallerVT change. In this case, only the valence
band is shifted up, while the conduction band minimum is
nearly unchanged.
For the other two stress cases (biaxial compressive ad uniaxial
tensile), the strain effect is a large on-state current decrease
with respect to the corresponding unstrained value, even ifthe
band gap is slightly affected. Moreover, a dramatic increase
of the threshold voltage is obtained. This unusual behavior
seen for the biaxial compressive and uniaxial tensile strain
can be explained by plotting the current spectrum on top of
the subband profile vs. position. The uniaxial compressive
and tensile cases are compared in Fig. 6. Two different gate
voltages are applied for the two strain conditions in order to
obtain a similar energy window for tunneling. In the uniaxial
compressive case (Fig. 6 left) tunneling occurs in the whole
energy window between the source valence band and the
channel conduction band. On the contrary, for uniaxial tensile
strain, tunneling occurs within a reduced energy window,
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Fig. 6. Subband profile and current spectrum as a function of energy for
the InAs homojunction, for uniaxial compressive atVGS = 0.2V (left) and
uniaxial tensile strain atVGS = 0.4V (right). For the uniaxial compressive
case, the current flows at all energies for which there are available states both
in the source and in the channel. In the uniaxial tensile casethe current is
negligible up to 0.2 eV below the first valence subband in the source.

whose upper limit is about 0.2 eV below the first valence
subband in the source. This is exactly the energy difference
between the edges of the highest valence subband and the one
connected to the lowest conduction subband via the imaginary
wave vector (see Fig.2 (c)). This leads to an “effective” band
gap≈ 0.2 eV larger than expected, and to a reducedION.

V. CONCLUSION

In this work we have investigated the effects of different
strain configurations onn-type III-V-based nanowire TFETs,
namely biaxial in the cross-section and uniaxial in the transport
direction, with the aim of finding optimal strain configurations
to enhance the device performance. To this purpose, following
Bahder’s theory, the in-house developed simulator based on
a 4-bandk · p Hamiltonian has been properly extended to
take into account the effects of strain. Comparison among
dispersion relationships under different strain conditions shows
that biaxial tensile and uniaxial compressive strain decrease the
bandgap of the material, which leads to a betterION current,
but also to a degraded subthreshold slope and a generally-
worse IOFF. On the other hand, uniaxial tensile and biaxial
compressive strains do not reduce the band gap significantly.
However, for these two strain configurations, the main effect
is that the lowest conduction subband and the highest valence
subband are not connected via the imaginary wave vector: the
first conduction band is connected instead to a valence subband
≈ 0.2 eV below the topmost valence subband. This leads to
an “effective” gap which is 0.2 eV larger than the one inferred
looking only at the real-part of the dispersion relationship E(k).
Hence, the I-V curves show an unexpectedVT increase and
ION degradation. To summarize, taking advantage of stress
requires a very tight control of the fabrication processes,
which is required to prevent unintentional strain conditions
which can deteriorate, rather than improve, the overall device
performance.
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