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Proposal for Graphene—Boron Nitride Heterobilayer-Based Tunnel FET
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Abstract—We investigate the gate-controlled direct band-to-
band tunneling (BTBT) current in a graphene-boron nitride
(G-BN) heterobilayer channel-based tunnel field effect transis-
tor. We first study the imaginary band structure of hexagonal
and Bernal-stacked heterobilayers by density functional theory,
which is then used to evaluate the gate-controlled current under
the Wentzel-Kramers—Brillouin approximation. It is shown that
the direct BTBT is probable for a certain interlayer spacing of the
G-BN which depends on the stacking orders.

Index Terms—Band-to-band tunneling, complex band structure,
graphene, tunnel field effect transistor (TFET).

1. INTRODUCTION

UNNEL field effect transistors (TFETSs) have appeared as
T a strong candidate for the next-generation low stand by
power (LSTP) applications due to their sub-60-mV/dec sub-
threshold slope (SS) [1], [2]. However, the large indirect energy
band gap of silicon makes it difficult to achieve low SS and high-
ON current from the conventional silicon TFETs. As a result,
alternative channel materials for the TFET are being investi-
gated, which might have lower value of “least action integral” [3]
and do not require phonon assistance for carrier tunneling. In
the recent past, carbon-based materials especially carbon nan-
otube and graphene nanoribbon (GNR) find much attraction in
the TFET applications [1], [4]- [6]. Though the ultrahigh carrier
mobility of the graphene has attracted extensive interest, its zero
band gap E, feature has made it difficult for the transistor ap-
plications. Thus, opening and tailoring a band gap has become a
highly pursued topic in the recent graphene research. A vertical
external electric field can induce a tunable F,; of up to 0.25¢V
for the bilayer graphene (GBL) [7], however, it also increases
the carrier effective mass. Based on the GBL, recently, Fiori
and Iannaccone [8] have proposed an ultra-low-voltage TFET.
Earlier, it was investigated that, instead of GBL, a graphene-
boron nitride heterobilayer (HBL) can produce quite higher £
and carrier mobility depending on their interlayer spacing and
stacking pattern [9]-[11].

In this letter, we explore the BTBT in an HBL by considering
the complex dispersion relationship within the band gap region,
which is evaluated by Atomistix ToolKit using the density func-
tional theory (DFT) [12]. Finding the least action integral from
the atomistic simulation and considering the analytical Poisson
solution, we compute the drain current of a symmetric double
gate (DG) TFET [see Fig. 1(a)] and compare the performances
for different interlayer spacing and their stacking pattern.
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Fig. 1. (a) Schematic cross section of an HBL-based DG TFET with n*
source, p* drain, and intrinsic channel. (b) Plot of the energy band gaps and
static dielectric constants as function of d. (c) Electronic band structure of an
HBL for different d and stacking pattern.

II. METHODOLOGY, RESULTS, AND DISCUSSIONS

The electronic band structure of the geometrically optimized
HBL graphene is calculated by the DFT method combining with
local density approximation and double zeta polarized basis set.
The k-point sampling of a21 x 21 x 1 grid is used with a mesh
cutoff energy of 10 Hartree. In addition, the tolerance parameter
10~ with maximum steps of 200 is used as the iteration control
parameter. Like the GBL, in our study, we consider two types of
stacking patterns [Hexagonal (AA) and Bernal stacking (AB)]
as shown in Fig. 1. Though there are possibilities for some
more stacking patterns, using the DFT it is demonstrated that
AB-stacked HBL is more stable one [9], [11]. Thus, in this
letter, we consider only two stacking patterns: AB, which is
most stable and AA that has the minimum state with slightly
higher energy. It has been observed that both interlayer spacing
d as well as stacking pattern play crucial roles in the band gap
opening. It can be seen from Fig. 1(b) that when d is large enough
(~4.2A), there are not much interlayer interactions between the
graphene and boron nitride layers and the band lines are almost
identical to those of the graphene monolayer. With the decrease
of d, the interlayer interactions become stronger and it opens a
band gap and shows a quasi-parabolic dispersion near the Fermi
level [see Fig. 1(c)]. Therefore, the electronic band structure
of an HBL is mainly dictated by the graphene layer. Fig. 1(b)
shows that the band gaps increase with the decrease in d but
the increment in AA is much higher than the AB due to the
presence of stronger orbital interactions in AA than AB [11].
We have also investigated the static dielectric constant (¢) of an
HBL from the optical spectrum (using DFT-LDA) and observed
similar trend as shown in Fig. 1(b).

Recently, the complex band theory within the band gap has
been used for better understanding of the BTBT phenomenon
and modeling tunneling devices. Physically, during this BTBT
process, when a carrier tunnels through a band gap region, it
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Fig. 2. Complex bands within the forbidden gap (£,) of an HBL having
(a)—(b) AA and (c)—(d) AB stacking.

transits in an evanescent mode and its wave vector becomes
imaginary within this forbidden gap. It should be noted that
the interband tunneling probability (Igrpr) depends on the
minimum area that is enclosed by the complex band which
connects the valence band edge to the conduction band edge
[13], [14]. Fig. 2 shows the complex band within the band gap
region of an HBL for both AA- and AB-stacking patterns. For
the clarity of the band structures, only few bands are represented
here. It is worth noting that in the case of direct band gap
semiconductors when the complex band that starts from the top
of valence band “wraps” itself to the bottom of the conduction
band, constituting one continuous band, then only the direct
band-to-band tunneling can be possible, whereas, when the band
that starts from the valence band edge does not end up at the
conduction band edge, rather “crosses” with the band starting
from the conduction band edge, then the inclusion of phonon
exchange is required in the tunneling process which reduces the
transmission rate quite significantly [13], [14]. Now, it appears
from Fig. 2(a) and (c) that, in the case of both the AA- and AB-
stacked HBL, the complex band is characterized by a continuous
band that connects the highest valence subband to the lowest
conduction subband and makes the tunneling as a direct one.
However, with the decrease of d, the tunneling effective mass
also increases, and thus, the curvature of that complex band
increases. So, from Fig. 2(b) and (d), it can also be seen that
when d decreases to 2.6A4 (and 2.04) for AA stack (and AB
stack) then that complex band crosses with other bands and the
tunneling no longer remain as a direct one.

Now, using the Wentzel-Kramers—Brillouin approximation,
the direct tunneling probability for the BTBT process can be
approximated as [13]

< Egk(E)dE}Eexp{—g—I} 1)
qé 0 ¢

where ¢ is the electronic charge, £ is the electric field, £ = 0
is the valence band edge, F/ = E; is the conduction band edge,

k(E) is the magnitude of the imaginary wave vector, and &; =

%(OE” k(E)dE) is basically the “least action integral” which is

an intrinsic property of the material. As a result, in any applied
electric field, controlled by a third terminal (the gate) in the

TRTBT = €xp {—
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TFET applications, Tgrpr can be figured out instantly when it
is enumerated.

Now, we investigate the performance of the symmetric DG
TFET with an HBL as the channel material [see Fig. 1(a)] with
an oxide thickness of £, . The source region is heavily n™ doped
and drain is heavily p* doped, whereas, the channel of length
L., is intrinsic. We also consider that, in an electrostatically
well-designed device, the Fermi level is at the conduction band
edge (I,.) at the n" source and at the valence band edge () at
the p* drain, whereas, it is at the midgap of the intrinsic channel
at thermal equilibrium. The surface potential profile W, in this
DG TFET is dictated by the Poisson equation [15]

dQ \Ils \Ijs - va + %z

dx? A2
where x is the direction along the channel, V, and V},; (= g—;
are the gate and built-in potentials, respectively, and A is the
natural length scale of the potential variation and is given by
A= (2;“‘ (1+ E,I—C-j’%)t(,;,;d)]z’. Here, ¢ and ¢,, are the chan-
nel and oxide dielectric constants, respectively. Applying the
boundary conditions: [5] 1) zero electric field at x = +o00 and
2) continuous electric field and potential at the source—channel
and drain—channel junction, and, the assumption L., > A, (2)
can be solved analytically and leading to a solution of the form

WU, oc exp(—7). The electric field calculated from the surface
potential profile can then be given by ¢ = %(gj—é —V,)e 7.
From the expression of A, it can be seen that the use of high-
k gate dielectric and atomically thin planer channel materials
will improve the device performance very significantly [16]. It
should be noted that the change in Wy at L., /2 should not de-
pend on drain voltage for the proper BTBT process in the TFET
operation, which can be achieved by L., > XA and by scaling
the device in the quantum capacitance limit [8].

Considering HfO, as a dielectric (¢,, = 25¢¢, t,, = 2 nm)
and an AA-stacked HBL having d = 2.85A as achannel (L., =
15nm), the computed band diagrams for a symmetric n™-i-p*
DG TFET are shown in Fig. 3(a) for the OFF-state at V;, = 0
and in Fig. 3(b) for the ON-state at V/, = —0.35V with a supply
voltage V; of 0.1V. It can be seen from Fig. 3(b) that, under this
condition, the reverse bias V, opens an energy window, AP,
through which the effective tunneling current flows and this A®
can be derived as (¢V, — %). It should also be noted that, this
A@® is derived here for relatively small V, so that the effective
electric field does not change appreciably from its equilibrium
value. Under these circumstances, the BTBT tunneling current
can then be written in the form [2], [13]

=0 2)

gsgvq 27
IptpT = %/0 Tegrer {fi (E) — fr (E)}dE  (3)

in which £ is the Planck’s constant, g, = g, = 2 are the spin
and valley degeneracies, respectively, and f; (E) and f;(E) are
the Fermi functions of the initial and final states from and to
which the tunneling occurs, respectively. Using (1) and (3), tak-
ing A® and ¢ across the source—channel junction (z=0) from
the band diagram calculations for different d, the drain current
Ip at T=300 K can then be calculated as a function of the V.
It can be seen from Fig. 3(b) that, to open an energy window for

tunneling, a reverse bias V;, = 3 is required. So, to compare

the ON-current performances for different d, in Fig. 3(c)- (d),
we have presented the variation of the direct BTBT current as

a function of (V, — 2;; ) for the AA- and AB-stacked HBL at a
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Fig. 3. Energy band diagrams for a symmetric n* -i-p* DG TFET having
an AA-stacked HBL of d = 2.85A as a channel material in (a) OFF-state
and (b) ON-state, respectively. Transfer characteristics in DG TFET having
(c) AA-stacked and (d) AB-stacked HBL as channel materials at V; = 0.1 V
and 7' = 300K for different d. The solid black line shows the ON current at
T =400K.
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Fig. 4. Comparison of ON current performances in an HBL TFET for two
different gate dielectrics, HfOy and SiO», having same oxide thickness of ¢,,,, =
2 nm.

supply voltage V; = 0.1V. It is worth noting that as the d de-
creases both I, (£ also) and € increases, and thus, if we see the
variation as a function of V; only then lowest £, will provide
highest current for a particular V;,. Fig. 3(c)- (d) also reveals
that the deviation in the ON-currents due to the increase of band
gaps is significantly less. It is found that the ON current devi-
ates nearly 8% for an AA-stacked HBL if we decrease d from

2.95102.75A ata value (V, — 5—4) = —0.1V, whereas, an AB-

stacked HBL shows only 3% deviation, if we decrease d from
2.85 to 2.65A. Thus, irrespective of the controllability in in-
terlayer distances by the experimental techniques, these GBLs
can afford much higher ON current for a range of interlayer
distances which makes it easy to use in the efficient TFET ap-
plications. It is further observed from Fig. 4 that the ON-current
performance increases ~20% due to the change in A for the use
of high-x HfO, instead of low-x SiOs for an oxide thickness,
t,»= 2 nm. One can also find that in comparison to the GNR
TFET [5], the HBL TFETSs provide much higher ON currents.
Again, if the OFF-state leakage current is assumed due to the
thermionic emission over the barrier ® 3 between the source and
drain [see Fig. 3(a)], then the leakage current [5] leads to a value
of 56pA/um for an AA-stacked HBL having d = 2.854 which
shows an ON-to-OFF ratio of seven orders of magnitude at room
temperature. Furthermore, if the temperature dependence of the
dispersion relationship is neglected [17], then, £&; and TarpT
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remain same for a particular electric field. However, due to the
presence of temperature factor in the Fermi function within the
current (3) tunneling current decreases with increasing temper-
ature as seen in Fig. 3(c)— (d). As the leakage current of these
TFETSs is considered due to thermionic emission, with the de-
crease of temperature the leakage current also decreases quite
significantly. An average SS less than 3 mV/dec (extracted from
the Ip-V, characteristics using the same method as in [16]),
shows the immense potential of the HBL-based TFETsS for re-
alizing high-performance LSTP appliances.

III. CONCLUSION

Studying the complex bands within the tunable band gap of
both the AA- and AB-stacked HBL, we demonstrate that direct
BTBT is possible above some critical interlayer spacing. It is
explored that the high-ON current and very low-SS value in the
HBL TFETs can achieve high-performance LSTP applications.
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