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Abstract—Interlayer tunnel field effect transistors (ITFETs)
make use of resonant tunneling between two layers of two-
dimensional semiconductors to create a negative differential
resistance. A narrow resonance allows for lowering the operating
voltages in potential circuit applications. The use of multiple
tunnel barriers is investigated as a means to obtain a narrow
resonance, as the device dimensions are scaled down. For
specificity, we analyze a bilayer graphene-based ITFET system.
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L

Interlayer tunnel field effect transistors (ITFETs) exploit
resonant tunneling between two layers of two-dimensional (2D)
van der Waals’ semiconductors to obtain a negative differential
resistance (NDR) [1]-[7]. NDR has potential applications in
digital and analog circuits [8]-[12], and at potentially lower
voltages than traditional CMOS technology. To date, ITFET
operation has been experimentally demonstrated with graphene
[1], [2], bilayer graphene [3], [S] and several layer graphene [4]
as the 2D semiconductor. In particular, recent reports have
demonstrated high interlayer current densities and a strong
resonance with bilayer graphene (BLG)-based ITFETSs [5].

INTRODUCTION

A narrow resonance is desirable for reduced operating
voltages. With reduction in device dimensions, however,
Heisenberg uncertainty due to short channel lengths—the region
of overlap between layers through which tunneling occurs—can
contribute significantly to resonant broadening [13], [14]. The
short-channel-associated broadening is higher for materials with
a low-effective mass, such as BLG. In a previous work, we
proposed the use of multiple (m) stacked layers of 2D
semiconductor and insulator (barriers) to obtain a narrower
resonance, referring to the structure as a multi-barrier ITFET
(mITFET). The analysis in [14] was done using a fully ballistic
approach in which the carriers coherently tunnel across the
tunnel barrier stack. In this paper, we describe the transport
across the mITFET by allowing the carriers to scatter and
thermalize after they tunnel across each tunnel barrier. We use a
perturbative approach by describing the tunneling processes
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Fig. 1. Cross-section of (a) a single-barrier ITFET with two 2D
quantum wells, and (b) a triple barrier mITFET with two 2D quantum
wells and two 2D quantum wires.

through a transfer Hamiltonian. For specificity, we consider
BLG, a material with a low electron effective mass of 0.05 m,
as the 2D material. We show that mITFETs offer conceptually
viable way to reduce short-channel broadening, even after
including thermal resonant broadening of tunneling between the
2D layers.

II. MODEL DESCRIPTION

A schematic cross-section of an ITFET with a single tunnel
barrier is shown in Fig. 1(a). The top (TL) and the bottom (BL)
bilayer graphene layers (henceforth referred to as simply
bilayers) are separated by a thin interlayer dielectric such as
hexagonal boron nitride (hBN) or a transition metal
dicalcogenide (TMD). The electrostatics within the bilayers can
be controlled by the use of top gate (TG) and bottom gate (BG)
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Fig. 2. Capacitive coupling model to estimate the electrostatic
potentials of the 2D layers. The additional charges, Q, take into
account the quantum capacitance associated with the finite density of
states within the bilayers.

as well as the TL and BL contacts. A schematic cross-section of
a mITFET with three interlayer tunnel barriers is shown in Fig.
1(b). The A mITFET with n (n > 0) barriers has two quantum
wells — one top (TL) and one bottom (BL) — that form the leads,
and n — 1 intermediate quantum wires running normal (along
the y direction) to the nominal transport direction.

Under the weak coupling limit, the electrostatic (¢) and the
chemical (u) potentials are modeled as constant along the
nominal transport direction (x). For simplicity, the electronic
bands are assumed to have a parabolic dispersion near the K-
point with electron/hole effective masses of 0.05. We consider
two conduction and two valence bands in all calculations. For a
given set of gate biases, the band-alignments and the
electrostatic potentials are computed using a self-consistent
capacitive model (Fig. 2). The additional charges, Q, indicated
in Fig. 2 take into account the charging quantum capacitance
associated with the finite density of states within the bilayers.

The single particle current between any two layers is
computed using a perturbative Hamiltonian approach. The
single particle coherent tunneling current flowing from Bilayer
a to Bilayer b is given by

Ly = —ef Top(E)(f(E = pa) = f(E —p))dE (1)

where f(E) is the Fermi distribution function and T, ;, (E) is the
vertical transmission rate of an electron from layer a to layer b
at an energy £, and is given by

2m

Ta,b (E) = A

2
Z |Tka,kb,sa,sb| A(kav Sa E)A(kb: Sp, E)
ka,kb,sa,sb (2)

Here, A is the spectral density function of the energy states
which is taken to be Lorentzian in form, i.e.,

1 r
Allks E) = m(E — e(k,s)? + T2’

where I represents the energy broadening of the quasi-particle
states, s is the sub-band index and Ak = A(k,X + k,¥) is the
crystal momentum. We note that ' also may contain

(3)
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contributions from the spatial variation in the electrostatic
potential difference between layers due to disorder.

The electron wavefunctions in the bilayers are assumed have
plane wave solutions with appropriate boundary conditions. The
tunneling matrix elements Ty x, s,s, Detween any two given
layers n and m is calculated by evaluating

Tko kp,Sasp — <lpa|HTa,b|¢b> = Ta,b(lpalwb)r 4)

where the transfer Hamiltonian Hr, between layers a and b to

be a constant scalar coupling parameter 7, ;. Upon evaluating
(4), we obtain,

|Tka’kbv5av5b|2 = 4“[621.176(]{3’11 - ky.b)
y sin(Lenkya) — sin(Lenkyp)
kxa - kxb
sin(Lchkx’a) + sin(Lchkx‘b) :
kx,a + kx,b '

)

T,p 1 assumed to follow a power law scaling with change in the
tunnel dielectric thickness[15] as

X 10_(ta,b_1 nm)/to ,

(6)

where T4, is the interlayer coupling between the layers at a
tunnel barrier thickness of 1 nm, t,, is the tunnel barrier
thickness between layers a and b, and t, is the characteristic
decay length for the tunneling probability, taken simply as 1 nm
here.

Tap = Tinm

In case of bilayer graphene-based ITFETs, momentum-
conserving tunneling also is possible from valence to conduction
bands (and vice versa) [5]. This is included in the model by
ensuring that the tunnel matrix elements in (5) have no explicit
dependence on the sub-band indices s, and sj,.

If Bilayer a, Bilayer b, or both, form intermediate wires, the
crystal momenta of each subband in the corresponding bilayer
are discretized along x and are given by

kyo ==, andlor ky, = =, (n,m) € {1,2,3,..}  (7)
! Lch ! Lch

and the corresponding summation over the momenta in (2) is
restricted to these values. However, if Bilayer a, Bilayer b or
both form the top or the bottom bilayers semi-infinite lead
contacts, the momentum states are assumed to be continuous.
The summation (or integral for lead bilayers) in (2) is performed
over a range of momentum states around the K-point in the
Brillouin zone.

The top and the bottom layer chemical potentials are
controlled by the respective applied lead voltages and can be
tuned independently. However, the chemical potentials of the
intermediate wires are controlled by the electric fields and the
charge in those wires resulting from current flow across the
tunnel barrier stack. Therefore, the chemical potential in the
intermediate wires is calculated by self-consistently solving the
Poisson’s equation and by balancing the net in-current and out-
current in each layer. Fig. 3(a) shows a convergence algorithm
to self-consistently estimate the electric and chemical potentials
in the intermediate wires.
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Fig. 3. (a) Convergence algorithm for self-consistent calculation of electrostatic and chemical potentials. (b) Transmission probability at k, = 0 as
a function of energy of injection for (top) well-to-well injection (middle) well-to-wire injection, and (bottom) wire-to-wire injection. Solid lines
corresponds to transmission probability when the bands are aligned, and dashed line corresponds to that when the bands are out of alignment by 30
meV. All plots are for a device with channel length 15 nm, energy broadening of 5 meV an interlayer coupling of 0.1 meV.

III. RESULTS AND DISCUSSION

For specificity, the channel lengths of mITFET are presumed
to be 15 nm. The nominal dielectric thickness and constant are
presumed to be 1 nm and 3, respectively. All calculations are
performed for 300 K, and the energy eigenstates are assumed to
be a Lorentzian with a broadening (I') of 5 meV [5]. Interlayer
coupling between the layers is presumed to be 0.1 meV at a
tunnel barrier thickness of 1 nm.

Fig. 3(b) shows the transmission probability between two
bilayers, across a single tunnel barrier, as a function of energy
for a zero k,,. Note that the transmission functions are peaked
around the discretized energy states of the quantum wires when
tunneling in or out of the states of the wires. Furthermore, as the
bands are taken out of alignment, the greatest suppression in
transmission occurs in wire-to-wire transmission. The
transmission between the eigenstates of the quantum wires is
very selective because, in contrast to tunneling from/to the lead
quantum wells, it is not subject to short-channel Heisenberg
uncertainty. The increase in the transmission around energies of
+0.37 eV is because of the contributions to the tunneling from
the second conduction and valence band around the K-point.

For a fixed set of gate biases, in general, the band structures
of all the 2D layers do not align at the same inter-lead voltage
(AV). This misalignment can result in a significant drop in the
peak current as AV is varied. To maintain appreciable interlayer
currents, we now take advantage of the weak selection between
the well-wire states, which becomes weaker with the reduction
in the channel length. That is, we now take advantage of
Heisenberg uncertainty for tunneling from/to the lead quantum
wells. If the thickness of the dielectric barrier between the
quantum wires (ty,y,) is greater than that between the lead wells
and the wires (t;yy), the applied lead voltages will have a better
electrostatic control over the quantum wires, making it easier to
pull them in and out of resonance. Furthermore, increase in ty,
also reduces the band misalignment between the well and wire
states with the applied inter-lead biases. By appropriately sizing
the interlayer dielectric thicknesses, one could design a triple-
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barrier mITFET to show resonant behavior around the voltages
when the wire states are aligned, even as the well-to-wire states
are misaligned. In Fig. 4(a) and 4(b), we increase the ty, and
track the resonant characteristics. We note from Fig. 4(a) that
increasing the barrier thickness results in a reduced interlayer
drive current because of reduced interlayer coupling, following
(6). However, an increase in ty,, also results in the sharpening
of the resonance because of better electrostatic control, as seen
in the differential conductance at zero gate biases in Fig. 4 (d).
Therefore, with a uniform dielectric as assumed for these
calculations, one has to trade off the drive current with resonant
width, while choosing appropriate dielectric thicknesses in the
tunnel barrier stack. Henceforth, we assume the intermediate
case of ¢ty to be 1.5 nm for a triple-barrier mITFET.
However, in principle, one could vary the tunnel dielectric
materials between the bilayers to appropriately adjust the
electrostatics and tunneling strength to optimize lead voltage
control and tunneling strength somewhat independently.

The current characteristics of a triple-barrier mITFET shows
multiple peaks as the interlead voltage is varied. To understand
the origin of multiple resonant peaks, we plot various band
alignments across the bilayers corresponding to different
interlead voltages labelled in Fig. 4 (a). Note that the energy of
states in the quantum well leads are shown to be continuously
varying with momentum, while the energy states in the wires are
discretized. At AV =V, all the eigenstates of the two wells
align. Although there is a small misalignment between the states
of the wells and wires, resonant current flows because of the
weak selection rules between the wells and wires. At AV =
V1, Vs, secondary current resonances are caused by transmission
between the first conduction sub-band in one wire to that of the
valence band in the other wire. These latter resonances are lower
broader because the peak represents only the onset of quantum
wire subband overlap, with the subband energy vs. momentum
dispersions curving in opposite directions with respect to
energy. As channel lengths decreases, the energy separation
between the quantized states of the wires increases, thereby
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Fig. 4. (a) I-V characteristics of a triple barrier mITFET at Vg = —0.4V with various ty,y, shown in the legend. (b) Normalized differential
conductance of a triple barrier mITFET at Vz; = OV. Note the reduction in interlayer current in (a) and resonance width in (b). (c) Band alignments
illustrating various resonance conditions at three voltages labeled in (a), where: the solid lines represent the continuous and discrete band structures
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the, the Fermi levels. I-V characteristics of a triple (3) barrier mITFET (d) compared to a single (1) barrier ITFET, at Vg = —0.4 V (e) at different
Vrg shown in the legend. AV is the inter-lead voltage. The interlayer coupling of the triple barrier ITFET is approximately 3 times that of the single

barrier mITFET. The bottom gate is grounded in all calculations.

causing the secondary resonances to be pushed further away
from the primary resonance.

Fig. 4(d) compares the current characteristics as a function
of the inter-lead voltage of a triple barrier mITFET to that of a
single barrier ITFET. To get comparable drive currents, the
nominal coupling value between bilayers separated by a fixed
thickness of the triple barrier mITFET is approximately three
times that of a single barrier ITFET. Fig. 4(e) illustrates the
interlead resonance voltage by applied gate bias, to the top gate
only in this case.

IV. CONCLUSION

We show that the short channel associated resonance
broadening potentially could be reduced with the use of
additional tunnel barriers to create a mITFET variant of ITFETs.
By carefully engineering the tunnel barrier stack dielectrics, one
can trade off between the magnitude of the tunneling current and
the resonance width. Alternatively, it also may be possible to
alternated dialectics to further optimize current and resonance
width. The reduction in the resonance broadening that may be
possible with mITFETs would lead to reduced operating
voltages and power consumption in circuits.
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