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Abstract—Band-to-band tunneling (BTBT) field-effect transis-
tors (FETs) is one of the promisng strategies in reducing the
leakage current and improving the subthreshold characteristics
compared with the conventional metal-oxide-semiconductor field-
effect transistors (MOSFETs). However, BTBT-FETs have an
intrinsic drawback of small on-current. We explore numerically
the possibility of using the InAs/Si heterojunction nanowire (NW)
to resolve such intrinsic difficulty in BTBT-FETSs, and found that
the use of the InAs/Si heterojunction nanowire is advantageous
in increasing the on-current compared with the Si homojunction
nanowires.

1. INTRODUCTION

The progress of L.ST technology has been based on downsiz-
ing of MOSFETs. This is because the downsizing has been the
most effective way to improve the L.SI circuit performance. In
the present postscaling technology, however, the downsizing
is becoming not effective to improve the device performance
because we need to suppress leakage current, minimize short
channel effect, and maintain high drive current at the same
time. To meet these requirements, therefore, entirely new
types of device such as nanowire transistors and carbon-based
transistors have also been explored.

Among these new type devices, band-to-band tunneling
transistors (BTBT-FETs) are expected to help reducing the
power consumption of integrated circuits taking the advantages
of the low leakage current and the small subthreshold swing
(SS) below 60 mV/decade at the room temperature [1]-[3]. The
reason of such property is that the magnitude of the current is
mainly determined by the tunneling between the conduction
and the valence bands through the barrier at the heterojunction.
However, such tunneling conduction mechanism itself is a
cause of small on-current. With such motivation we explore
the possibility of using the InAs/Si heterojunction nanowire
(NW) to resolve such intrinsic difficulty in BTBT-FETs.

II. SIMULATION METHOD AND DEVICE MODEL

The device structure under investigation is schematically
shown in Fig. 1, where the p-Si/i-Si/n-InAs heterojunction
nanowire with the circular cross section is surrounded by the
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SiO, gate oxide with the thickness 1.0 nm and the dielectric
constant 4.2, A part of the gate oxide surrounding the central
i-Si channel region is in turn surrounded by the metallic gate
electrode as shown in Fig. 1. The length of the i-Si channel
region is assumed to be 15 nm throughout this paper (the
gate length is assumed to be equal to the channel length). The
diameter of the NW will be given later.
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Fig. 1. Schematic illustrations of the InAs/Si heterojunction nanowire TFET
structure considered in this study, where Si nanowire is used in p- and i-type
regions while InAs nanowire is used in n-type region. The channel orientation
is (110).

We note that the the source and the drain electrodes are
assumed to be p-type and n-type, respectively, which make it
possible to realize the tunneling conduction from the valence
band in the source to the conduction band in the drain through
the channel region. We also assume that the lattice matching
between Si and InAs nanowire. In order to take into account
the strain which arises from the different lattice constant of Si
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and InAs, we use the valence force field method along with
the Keating potential [4], [S], where the strain energy in the
ith atom is given by
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Here «;; and 3, are the proportionality constants determined
by the crystal elasticity, and are actually responsible for the
changes of the bond length and the bond angle, respectively.
In Eq. (1), 7;; = r; — r; with r; being the position of the
ith atom, and d;; the equilibrium bond length between the
ith and the jth atoms. Since the lattice constant of InAs is
10% larger than that of Si, the positions of atoms close to
the Si/InAs hetero interface are expected to deviate from their
original positions to minimize the total strain energy, making
the structural relaxation calculation essentially important for
the more rigorous analysis of transport property.

Once the relaxed structure is obtained, the calculation of
the band-to-band tunneling current is carried out by using the
three-dimensional non-equilibrium Green’s function (NEGF)
formalism [6] based on the sp®s* tight-binding (TB) method,
which can properly take into account the quantum mechanical
effect in the device within the atomistic resolution. In the
NEGF formalism the device structure is described using the
retarded Green’s function obtained from the following equa-
tion for each electron energy F,

GE)=[EI-H-U-3y(E)-Sr(E)]™", (©

where H is the device Hamiltonian, and ¥y, g(E) are appro-
priate boundary self-energies which replace the effect of the
source and drain electrodes. In Eq. (2) U is the additional
potential energy due to the gate voltage, and is assumed to be
zero in the source region and —qVp in the drain region. In the
central channel region the value of U is assumed to be homo-
geneous and is determined by solving the Poisson’s equation
self-consistently with the charge density in the channel region
assuming the infinitely long NW. The band-to-band tunneling
current is calculated by
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where ¢ (> 0) is the elementally charge, f(E—pu) is the Fermi-
Dirac distribution function, us = Ep and up = us — ¢Vp
are the Fermi energies in the source and the drain electrode,
with Vp being the source-drain voltage. We assume the room
temperature 7' =300 K throughout this paper. In Eq. (3), T'(E)
is the transmission coefficient expressed in term of the Green’s
function as

T(E) = Tr[Tr(E)G(E)L(E)GY ()], )

where I't, g (E) are broadening functions represented by the
self energies as

TLr(E) =i([Sr(E)] - [ELr(E)]). ©))

III. RESULTS AND DISCUSSIONS
A. Band structures

Figure 2 shows the band structures of (110) axis-oriented
intrinsic Si and InAs NWs calculated using the sp®s* tight-
binding model [7], [8]. The diameters of the Si NW and InAs
NW assumed in our calculations are estimated as 1.55 nm and
1.72 nm, respectively. Our calculations show that the Si NW
has the indirect transition bandgap with the bandgap energy
E,=1.29 eV, while the InAs NW exhibits the direct transition
bandgap with FE,=1.29 eV. In order to simulate the p-type
doping in the Si NW source electrode and the n-type doping in
the InAs NW drain electrode effectively, we simply shift their
intrinsic band structures in Fig. 2 by 0.7 eV (upward shifting)
for Si NW and by -0.75 (downward shifting) for InAs NW,
while the equilibrium Fermi energy is kept at Fr = 0.
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Fig. 2. Band structures of the (110) oriented Si NW (left side) and InAs
NW (right side), where a = 5.4309 and 6.058 A are the lattice constants of
bulk Si and InAs, respectively.
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Fig. 3. Ip-Vq curves of Si/InAs NW TFET and Si NW TFET are plotted
for a given source-drain voltage Vh = 0.1 V. The room temperature 300 K
is assumed.
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(a) InAs/Si heterojunction NW
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Fig. 4. Local density of states in (a) Si/InAs NW model and (b) Si NW model
for Vp = 0.1 Vand Vg = —1.9 V. Here three clearly distinguishable regions
correspond to the p-Si source (left), i-Si channel where the gate voltage has
been applied (center), and the n-InAs (a) or n-Si (b) drain (right).

B. In-Vq characteristics

Having understood the band structures in Si and InAs
NWs, we now show the calculated current in our p-Si/i-Si/n-
InAs heterojunction NW BTBT-FET. For comparison we also
analize the current through p-Si/i-Si/n-Si homojunction NW
BTBT-FET in the same condition. (These two devices are
hereafter referred to as Si/InAs NW model and Si NW model,
respectively.) Such comparison makes it possible to understand
the essential difference between the band-to-band tunneling at
the Si/Si homo interface and that at the Si/InAs hetero interface
as we will explain later. Figure 3 shows the I'n-Vg curves for
Si/InAs NW model and for Si NW model. When the positive
gate voltage is applied (Vg > 0), the bandstructure in the
channel region is shifted lower in energy, and then the n-
channel opens in the central i-Si region if Vg > Vé?) ~ (.8
V. In such situation the tunneling probability from the source
valence band to the channel conduction band mainly limits
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Fig. 5. Transmission probabilities in (a) Si/lnAs NW model and (b) Si NW

model for Vp = 0.1 V and Vo = —1.9 V are plotted as a function of
electron energy.

the current both for Si NW and InAs/Si NW models. In other
words, the band-to-band tunneling process takes place at the
p-Si/i-Si interface in both two models, leading to the same
characteristics of the current for two models in Vi > 0 as seen
in Fig. 3. When the negative gate voltage is applied (Vg < 0),
on the other hand, the band structure in the i-Si channel region
is shifted upper in energy, and then the p-channel opens in
the central i-Si region if Vi < Véf) ~ —1.6 V, where the
current is mainly governed by the tunneling probability from
the channel valence band to the drain conduction band. In
contrast to Vg > 0 regime, such tunneling process takes place
at different typs of interface in two models, that is, Si/Si homo
interface in the Si NW model and Si/InAs hetero interface
in the InAs/Si NW model. Evidently, when the gate voltage
Vo = —1.9V, the on-current is 0.19 A in InAs/Si NW model
while it is 0.44 nA in Si NW model. From these observations
we notice that the Si/InAs interface gives higher on-current
compared with the Si/Si interface. Moreover, the subthreshold
swing in the p-channel operation regime (Vi < 0) is estimated
as 28 mV/decade for InAs/Si NW model and 26 mV/decade
for Si NW model, both of which are better characteristics
compared with the conventional MOSFETs with the typical
subthreshold swing being 60 meV/decade. Therefore, it is
found that the use of the InAs/Si heterojunction nanowire is
advantageous in increasing the on-current compared with the
Si homojunction nanowires keeping the lower subthreshold
swing.

C. Local density of states and transmission probability

In order to understand the switching behaviors discussed
above more deeply, we now analyze the local density of
states (LDOS) and transmission probability. Here the LDOS
is calculated as p(r,E) = —Im (r|G(E)|r) /7 in terms of
the Green’s function given in Eq. (2). Figures 4 (a) and (b)
show the spatial distributions of the LDOS in InAs/Si NW
and the Si NW models, respectively, which are estimated for
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Fig. 6. Complex band structures of Si NW.

the gate voltage Vo = —1.9 V. The brighter region in the
figure represents higher DOS. As seen in these figures, two
models do not show significant difference of the LDOS in
the source and the channel regions even though the source
material is different in two models. However, the .LDOS near
the bottom of conduction band in the source region is clearly
different, which can be cast into the different behaviors of
the conduction band structure in Si NW and InAs NW shown
in Fig. 2, resulting in the different characteristics of Si/InAs
NW and Si NW models. Figure 5 shows (a) the transmission
probability from the p-Si souce electrode to the n-InAs drain
electrode for InAs/Si NW model and (b) that from the p-Si
source electrode to n-Si drain electrode for Si NW model,
estimated for Vp = 0.1 V and Vg = —1.9 V. As seen in
these figures, the tunneling transmission probability from the
Si NW valence band to the InAs NW conduction band is about
a handred times larger than that form the Si NW valence band
to the Si NW conduction band. This explains the reason why
Si/InAs NW model exhibits significantly larger on-current than
Si NW model in Vi < 0 regime as shown in Fig. 3. Then it is
meaningful to consider the physical mechanism behind such
property. For such purpose now we plot the complex band
structures of intrinsic Si NW and InAs NW in Figs. 6 and 7,
respectively, where we have employed the calculation method
described in Ref. [9] . Here the imaginary part of the complex
wavenumber Im[k] in the bandgap region is interpreted as the
magnitude of decay rate, so that the bigger value of Im[k]
means the faster spatial decay of the wavefunction through
the bandgap. By comparing Figs. 6 and 7, we observe that
Im[k] in the bandgap region is much larger in Si NW than
in InAs NW especially near the conduction band bottom,
meaning that the wavefunction is more likely to decay in Si
NW bandgap than in InAs NW bandgap. Since the band-to-
band tunneling probability is mainly determined by the decay
rate through the bandgap region responsible for respective
materials, we can understand that the smaller decay rate of the
InAs NW bandgap makes the barrier at the Si/InAs interface
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Fig. 7. Complex band structures of InAs NW.

more penetrable than that at the Si/Si interface, leading to the
higher tunneling on-current in Si/InAs NW model than Si NW
model.

IV. CONCLUSION

We have analyzed the performance of the BTBT-FET com-
prised of InAs/Si heterojunction nanowires. By comparing
with the performance of BTBT-FET comprised of Si ho-
mojunction nanowire, we found that the use of the InAs/Si
heterojunction NW is advantageous in the negative gate volt-
age regime in increasing the on-current by hundred times
compared with the Si homojunction nanowire, while keeping
the lower subthreshold swing as low as 28 mV/decade.
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