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In this paper, the current–voltage characteristics of electron–hole bilayer tunnel field effect transis-
tors of different channel materials (Si, Ge, InAs) and various geometric parameters (channel thickness,
oxide thickness) are modeled and discussed. We show that the structure studied in this work can
exhibit very sharp turn-on transfer characteristics due to the quantum-mechanical tunneling as the
transport mechanism. The theoretical model is based on the self-consistent solution of Poisson’s equa-
tion and Schrödinger’s equation with an effective mass approximation of the Hamiltonian. Direct and
phonon-assisted interband tunneling currents are taken into account depending on the channel ma-
terials. We show that channel semiconductor parameters have a crucial impact on the properties of
electron–hole bilayer tunnel field effect transistors which results from the fact that the energy band
structure of the semiconductor determines the interband tunneling probability and current.
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1. Introduction

The tunnel field effect transistors (TFETs) are
a class of the steep-slope field effect transistors
that are considered as possible successors of the
metal–oxide–semiconductor field effect transistors
(MOSFETs) [1, 2]. An electron–hole bilayer tun-
nel field effect transistor (EHB TFET) is a kind of
a tunnel field effect transistor in which the inter-
band tunneling happens between the electron and
hole quantum wells induced at the opposite surfaces
of a very thin semiconductor layer [3]. Figure 1 il-
lustrates the geometrical structure and physics of
such a transistor. The top (TG) and bottom (BG)
gates overlap the drain region and the source re-
gion, which close the current paths between quan-
tum wells and device terminals.

Owing to the non-thermionic nature of the tun-
nel transport mechanism [4–6], the gate voltage de-
pendence of the current in the subthreshold range
in TFETs is steeper than 60 mV/decade — a the-
oretical limit for conventional MOSFETs at room

temperature. The step-like nature of the density-
of-states functions (DOS) in the electron and hole
quantum wells and lack of heavy doping-induced
band tails can additionally lower the subthreshold
swing in EHB TFETs [7, 8].

A low subthreshold swing, high ON current,
and high ON/OFF current ratio appoint require-
ments on the transistor parameters [9–13] such as
the gate insulator thickness, semiconductor thick-
ness, etc. Also, a type of semiconductor mate-
rial should have a crucial impact on the proper-
ties of the EHB TFET. The energy band structure
of the semiconductor (the relative location of the
conduction and valence band edges, the energy gap
width, the electron and hole effective masses) de-
termines the direct interband tunneling probability
and current, and additionally, the effective masses
determine the spectrum of discrete energy levels in
the electron and hole quantum wells [14]. Some
theoretical works analyze the heterostructure EHB
TFET [15–17] and only a few experimental works
investigate the bilayer TFET [18–21].

186

http://doi.org/10.12693/APhysPolA.140.186
mailto:piotr.wisniewski@pw.edu.pl


Theoretical Study of Current–Voltage Characteristics of Electron–Hole Bilayer. . .

Fig. 1. Structure of the EHB TFET, the energy
band diagram and the electron and hole concentra-
tion distributions in the vertical direction.

In this work, we model and analyze the current–
voltage characteristics of the EHB TFET for various
channel materials (Si, Ge, InAs) and geometric pa-
rameters of the structure (channel thickness, oxide
thickness). We calculate the position of energy lev-
els in quantum wells, and based on this, we analyze
the shape of the transfer characteristics of the Ge
EHB TFET.

2. Theory

When appropriate potentials are applied to the
gate electrodes, the two-dimensional electron gas
(2DEG) and the two-dimensional hole gas (2DHG)
are formed in the channel near the semiconductor–
gate oxide interfaces. Carrier transport occurs be-
tween the 2D gases, mainly in the gate overlap area
in the confinement direction. The interband tunnel-
ing current is determined by the density-of-states
function in the valence and conduction bands. It is
assumed that holes and electrons in the channel are
in equilibrium with the source and drain regions,
respectively. Having the energy levels and the cor-
responding wave functions for different bands at
given boundary conditions, the tunneling current
is calculated.

The electrostatic model of the EHB TFET is
based on the self-consistent solution of the 1D Pois-
son’s equation and 1D Schrödinger’s equation, and
studied using the parabolic effective mass approxi-
mation (EMA) for holes and electrons. The system
is described with
∇
(
ε∇ϕ

)
= −q (p− n−NA) , (1)

and(
∓~2

2
∇ 1

mc/v
∇+ Vc/v

)
Ψc/v = EΨc/v (2)

and solved in a cross-section of the simulated device,
as illustrated in Fig. 1. Here, ϕ is the potential,
ε is the electrical permittivity, NA is the acceptor
concentration, and n and p are the electron and
hole concentrations, respectively. The electron/hole
effective masses are denoted by mc/v, while Vc/v are
the conduction/valence band edge energies, E is the
total energy and Ψc/v are the electron/hole wave
functions.

The total band-to-band tunneling current is
a sum of direct tunneling Jdir and phonon-assisted
tunneling Jph currents. The direct interband tun-
neling current is modeled as the sum of contribu-
tions from different pairs of energy levels in the con-
duction and valence bands. Namely,

Jdir =
4πq

~
∑
n

∑
k

|M |2 JDOS2D (fc − fv) , (3)

where fc and fv are the Fermi–Dirac distribution
functions for the conduction and valence bands, and
JDOS2D indicates the joint density-of-state function
for the 2D–2D tunneling system. The following def-
inition is applied:

JDOS2D =
mr

4π~3
Θ
(
Ehh/lh,k − EΓ ,n

)
, (4)

where mr = 2mcmv/(mc +mv), Ehh/lh,k and EΓ ,n

are the energy levels of the positions of heavy/light
holes and Γ -valley electrons, respectively.

Term M in (3) is the coupling coefficient. It is
calculated for the 2D–2D tunneling system using
Bardeen’s transfer Hamiltonian approach [22, 23]
with the assumption of the conservation of the to-
tal energy and parallel momentum in the 2D–2D
system. It can be written as

|M |2 =
~2EΓ

G

2mr
δk⊥,k′

⊥
|Ψc,nΨv,k|2 C0 (θ) , (5)

where k⊥ and k
′

⊥ are the transverse wave-vector
components of electrons and holes EΓ

G is the direct
bandgap of the material, and C0 (θ) is the form fac-
tor [24, 25] accounting for the dependence of the
coupling element on the direction of the electric
field.

The conservation of the total energy can be writ-
ten as

Ehh/lh,k −
~2k′2
⊥

2mv
= EΓ ,n +

~2k2⊥
2mc

. (6)

where mv is the effective mass of heavy/light hole,
mc is the Γ-valley electron effective mass, and k and
n indexes number the subband energy levels of holes
and electrons, respectively. For k⊥ = k′⊥, (6) deter-
mines the tunneling energy for each pair of electron
and hole subbands.

The phonon-assisted interband tunneling current
Jph is modeled according to the approach described
in [26]. This approach, in fact, can be applied for
different gas dimensionalities and arbitrary poten-
tial profiles in the structure. Now, Jph is calculated
using
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Jph =
−2q

h

∫
dE
{[
fv(E)

(
1− fc(E − Eph)

)
(nB(Eph) + 1)− fc (E − Eph)

(
1− fv(E)

)
nB (Eph)

]
T em
v (E)

+
[
fv (E)

(
1− fc (E + Eph)

)
nB(Eph)− fc (E + Eph)

(
1− fv(E)

)
(nB (Eph) + 1)

]
T abs
v (E)

}
, (7)

where Eph is the phonon energy for a given material
and nB(E) is the Bose–Einstein function. Transmis-
sion probability is calculated as follows:

T abs,em
v (E) = Ω |M

′

k0
|2

×
∑

v=hh/lh,
c=Γ

∫
dz Av,k (z, E)Ac,n (z, E ± Eph) ,

(8)

where the term Ω
∣∣M ′

k0

∣∣2 describes the phonon cou-
pling and Av,k, Ac,n are the spectral functions of 2D
gases. The thermal generation-recombination pro-
cesses are also included in the calculations based on
the SRH model [27].

3. Simulation results

Numerical simulations were performed for Si,
InAs and Ge channel materials. Nominal simula-
tion parameters used in this work are: channel dop-
ing level NA = 1015 cm−3, body thickness t = 10,
15, 20 nm, gate overlap length L = 50 nm, HfO2

as the gate oxide of thickness tox = 3 nm and the
relative dielectric permittivity εr = 22, bottom gate
work function ΦBG = 5.6 eV (unless otherwise indi-
cated), bottom gate voltage VBGS = 0 V. The ap-
propriate bottom gate work function ensures that
2DHG is induced at zero bias and only the top gate
voltage VTGS is varied in simulations. The top gate
work function ΦTG is adjusted for different struc-
tures in a way that ensures the threshold voltage
being set at relatively low values.

Depending on the material type, e.g., the
semiconductor of the direct or indirect bandgap,
the different tunneling current models are used
to calculate the current–voltage characteristics.
Schrödinger’s equation is solved for heavy and light
holes in Si, InAs and Ge, and Γ -valley electrons in
InAs, ∆-valley electrons in Si, Γ - and L-valley elec-
trons in Ge. In Figs. 2–4 we show the simulated
I–V characteristics for these materials for various
values of the channel thickness. The phonon en-
ergy and phonon coupling term have been taken
from [28]. For the 〈100〉 crystal orientation, the
effective masses in valleys of Si and Ge were calcu-
lated according to [29]. Simulation parameters for
different materials used in this work are presented
in Table I.

In Fig. 2, we show the simulated I–V character-
istics of Si EHB TFET for various channel thick-
nesses at VDS = 0.5 V. In the case of the Si chan-
nel, the phonon-assisted interband tunneling cur-
rent between the Γ point in the valence band and
the ∆ point in the conduction band constitutes
a drain-source current. In general, an increase in

Fig. 2. Si EHB TFET current–voltage character-
istics for various channel thickness VDS = 0.5 V, top
gate work function ΦTG = 4.0 eV.

TABLE I

Simulation parameters of the investigated material
with energy band gap (indirect for ∆ point in Si
and L point in Ge, direct for Γ point in Ge and
InAs), heavy and light hole effective masses (mhh and
mhl), Γ -valley electron effective mass (for InAs and
Ge), and transverse and longitudinal effective masses
(∆-valley in Si and L-valley in Ge).

Si InAs Ge
EG [eV] 1.12 @∆ 0.354 @Γ 0.802 @Γ

0.658 @L

mhh 0.49m0 0.41m0 0.33m0

mhl 0.16m0 0.026m0 0.043m0

mΓ – 0.023m0 0.042m0

mt 0.19m0 @∆ – 0.0815m0 @L

ml 0.916m0 @∆ – 1.59m0 @L

the channel thickness results in a reduction of the
tunneling current level due to the lower transmis-
sion probability. It also changes the gate voltage
at which the hole and electron energy levels are
aligned. The alignment of the energy levels results
in a sudden current increase due to the phonon-
assisted tunneling between the 2DHG and 2DEG
energy levels. At VTGS > 0.6 V, the highest current
is observed for the smallest channel thickness. For
thicker structures, we observe a higher threshold
voltage at which the tunneling current starts flow-
ing. For the Si channel structure, the current lev-
els are very low due to the relatively large indirect
bandgap. At low top gate voltage values, the cur-
rent is limited by the SRH generation component.
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Fig. 3. InAs EHB TFET current–voltage charac-
teristics for various channel thickness VDS = 0.5 V,
top gate work function ΦTG = 4.3 eV, bottom gate
work function ΦBG = 5.0 eV.

Fig. 4. Ge EHB TFET current–voltage character-
istics for various channel thickness, VDS = 0.5 V,
top gate work function ΦTG = 4.0 eV.

For InAs EHB TFET, direct interband tunneling
occurs and a very sharp current rise (see Fig. 3)
can be observed due to the small direct bandgap of
the channel material. When the first electron and
hole subband energy levels in quantum wells are
aligned, the direct tunneling current starts flowing
between 2DHG and 2DEG, causing a very sharp
turn-on. A further increase of the gate voltage
VTGS results in a decrease of the tunneling cur-
rent as a consequence of the decreasing overlap
of the wave functions for the corresponding en-
ergy levels [10]. Then, the quantum wells become
narrower, and wave functions are pushed towards
the semiconductor/dielectric interface. The channel
thickness strongly influences the electrostatics of
the structure and hence, it also changes the VTGS

values at which tunneling between the different
subbands occurs.

In Fig. 4, we show the simulated current–voltage
characteristics for Ge EHB TFETs of various chan-
nel thicknesses, at VDS = 0.5 V. The increase of
the channel thickness results in a reduction of the
tunneling current due to the lower transmission

Fig. 5. Comparison of direct and phonon-assisted
tunneling currents for Ge EHB TFET and various
channel thicknesses, VDS = 0.5 V, top gate work
function ΦTG = 4.0 eV.

Fig. 6. Ge EHB TFET band diagram and en-
ergy levels in the cross-section of the channel for
t = 15 nm, VDS = 0.5 V, VGS = 0.3 V.

probability. It also changes the gate voltage values
at which the hole and electron subband energy levels
are aligned. Very sharp current jumps are observed
at higher VTGS voltages due to the direct interband
tunneling. In Ge, the energy difference between the
direct and indirect bandgaps is relatively small. In
relation to this fact, the Ge EHB TFET current is
a sum of phonon-assisted and direct tunneling cur-
rents and is dominated by the latter for a sufficiently
high VTGS.

A comparison of direct and phonon-assisted tun-
neling current components for the Ge EHB TFETs
of different channel thickness is shown in Fig. 5.
One can observe that the phonon-assisted current
starts flowing at lower values of VTGS for thicker
channels. For a sufficiently high value of the top
gate voltage VTGS one can observe that direct in-
terband tunneling is also possible due to the align-
ment of hole subband energy levels and Γ -valley
electron energy levels. The channel thickness has
a pronounced effect on the electrostatics in the
structure, and hence on the current–voltage char-
acteristics. Note that the thinner channel results in
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Fig. 7. Ge EHB TFET band diagram and en-
ergy levels in the cross-section of the channel for
t = 15 nm, VDS = 0.5 V, VGS = 0.5 V.

Fig. 8. Ge EHB TFET current–voltage character-
istics for t = 15 nm and different VDS values.

higher current values, both for phonon-assisted and
direct tunneling, but also in higher threshold volt-
age values at which the interband tunneling current
starts flowing. It is related to the width of the quan-
tum well. For thin structures, quantum wells are
narrower and the subband energy levels are higher.
The quantum wells are wider for thicker structures,
and the energy levels are lower in the respective
bands, resulting in a lower threshold voltage.

In Figs. 6 and 7, the Ge EHB TFET band di-
agram and energy levels in the cross-section (band
energy as a function of position x) of the channel
are shown for t = 15 nm, VDS = 0.5 V and differ-
ent VTGS values. Energy levels of heavy holes Ehh,
light holes Ehl, Γ -valley electrons EΓ and L-valley
electrons EL are indicated. For VTGS = 0.3 V one
can see that two sub-band energy pairs Ehh1–EL1

and Ehl1–EL1 can contribute to the total tunneling
current (heavy/light holes and L-valley electrons).

Thus, only the phonon-assisted tunneling current
can be observed. An increase of the top gate voltage
to 0.5 V results in an alignment of the sub-band
energy pair at Γ point (Ehh1 − EΓ1), enabling the
direct interband tunneling.

Fig. 9. Ge EHB TFET current–voltage charac-
teristics for various top gate oxide thickness,
VDS = 0.5 V, top gate work function ΦTG = 4.0 eV.

In Fig. 8, the current–voltage characteristics as
a function of VTGS for different VDS and body thick-
ness t = 15 nm are shown. The arrows mark places
where the tunneling between the labeled subband
energy pairs starts flowing at VDS = 0.5 V. The re-
sult for this case is consistent with the band dia-
grams shown in Figs. 6 and 7. One can also see
that the current level at VTGS > 0.5 V strongly
varies for different VDS values. A change in VDS re-
sults in a change of electrostatics in the structure,
position of quantized energy levels, and therefore
the tunneling current level.

In Fig. 9, the transfer current–voltage charac-
teristics for Ge EHB TFET of channel thickness
t = 10 nm and various top-gate oxide thickness
values tox are shown. A thicker oxide occurs in
a higher threshold voltage. A higher gate voltage
value is needed to align the sub-band energy levels
to start the flow of the interband tunneling current.
A threshold voltage of the device can be adjusted by
using the gate material with a proper work function
for a given transistor geometry.

4. Conclusions

In this work, a study of the current–voltage char-
acteristics of an electron–hole bilayer tunnel field
effect transistor by means of a quantum mechan-
ical modeling is presented. The model takes into
account direct and phonon-assisted interband tun-
neling. The impact of the semiconductor band
structure is especially considered in the example of
Si, Ge, and InAs channels. In general, the paper
shows that the EHB TFET structure can exhibit
very sharp turn-on transfer characteristics due to
the interband tunneling as the transport mechanism
and due to the step-like distributions of densities of
states in the 2D electron/hole gas formed in quan-
tum wells induced in the vicinity of the top and
bottom gates. Therefore, it is a promising struc-
ture for low-power circuits.
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