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Abstract
Vertical hetero- and homo-junction tunnel FET (TFET) based onmulti-layer black phosphorus (BP)
and transitionmetal dichalcogenides are proposed and studied by numerical simulations employing
the semi-classical density gradient quantum correctionmodel. It is found that the vertical TFET based
onBP can achieve high on-current (>200 μA μm−1) and steep subthreshold swing (average
value=24.6 mV/dec) simultaneously, due to its highmobility, direct narrow bandgap, and low
dielectric constant.We also found that the on-current in vertical TFETs based onMoS2/MoSe2
hetero-junction is two orders ofmagnitudes higher than the one inMoS2 homo-junction TFET, due
to the reduced effective bandgap in heterostructure with staggered band alignment. In addition, we
present various design considerations and recommendations as well as provide a qualitative
comparisonwith published data.

Introduction

In light of the excessive power dissipation issues
plaguing the performance and scalability of IC devices,
there has been a lot of interest searching for energy-
efficient post-CMOS switches. Tunneling FET (TFET)
[1–3]) is among the prime candidates for low power
post-CMOS computing. The idea behind TFET (and
other steep subthreshold slope (SS) devices) is to create
an ideal abrupt switch—SS∼[VT− VG,OFF]/log [ION/
IOFF]) much less than thermal limit (60 mV/dec)—
therefore enabling the reduction of the operating
voltage and overall power dissipation. Researchers
have explored various TFET device architectures and
design using group IV (e.g., [4, 5]), III–V semiconduc-
tor (e.g., [6, 7]), graphene/carbon based materials
(e.g., [8]), and, most recently, 2D bilayer hetero-
junction vertical TFET/tunnel diode based on vertical
stack of monolayer transition metal dichalcogenides
(TMDC) [9–13]. The use of 2D materials are particu-
larly appealing for TFET design due to their sharp
density of states, narrow thickness (which leads to
excellent electro-static control), and absence of dan-
gling bonds at the surface.

In this work, we propose the use of stacked multi-
layered 2D black phosphorus (BP) and TMDC (e.g.,

MoS2 and MoSe2) homo-junction and type II (stag-
gered) hetero-junction vertical TFET. The multi-
layered hetero- (or homo-) structures can in principle
be realized by stacking multiple monolayers of 2D
materials on top of each other leading to a sequence of
Van derWaal (vdW) bonded layered junctions/super-
lattice with no interface states. One key advantage of
stacking multilayered 2D crystal is that it facilitates
tuning of electronic bandgap. A recent report sug-
gested that careful selection ofmultilayer stackingmay
lead to the formation of direct bandgap, hence altering
the electronic and optical properties [14], creating an
additional knob to tuning TFET performance, parti-
cularly when combined with strain engineering. BP is
particularly attractive as it has electronic properties in
between graphene and TMDC—direct bandgap in
both bulk (0.3 eV [15]) and monolayer (2 eV), high
mobility, and low dielectric constant [15]. As com-
pared to monolayer TMDC (which generally have
direct bandgap), multi-layer TMDChave higher valley
degeneracy and smaller indirect bandgap. Using the
Sentaurus TCAD, we examine the performance of BP
and TMDC multilayer hetero-/homo-junction TFET
and explore various device engineering schemes to
enhance performance. Additionally, we provide a
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qualitative comparison of our simulated devices with
publishedTFET results.

Methods

We use the Synopsys Sentaurus TCAD [16] tool to
perform self-consistent simulations of 2D vertical
TFET. The band-to-band tunneling (BTBT) under-
lying the TFET operation is modeled using the
dynamic non-local path band-to-band model, imple-
mented in Sentaurus. This model takes into account
the nonlocal generation of electrons and holes caused
by direct and phonon-assisted BTBT processes. Since
relevant tunneling parameters of the simulated 2D
multilayer materials are not readily provided in
Sentaurus, we use published results obtained from
either experimental data [7, 15, 17, 18] or ab initio
theoretical calculations [19–25] as summarized in
table 1. The bandgap values used were extracted from
published GW calculations, a well-established hybrid
method that incorporates density functional theory
(DFT) with Green’s function and is well known for
correcting the bandgap problem in standard DFT
simulation. We particularly adopt the GW bandgap
from Jiang et al [19] for TMDC and Tran et al [22] for
BP, as they have both demonstrated that their
estimated bandgaps are consistentwith relevant exper-
imental data. For the BP case [22] computed the
bandgap variation as a function of layer thickness.
Using their data, we have estimated values for the
bandgap that correspond to our simulated thickness.
In the absence of experimentally verifiable theoretical
data for the exact multilayer TMDC thickness con-
sidered here , we adopt bulk-like bandgap values from
[19] to model our multilayer TMDC since we expect
that the bandgap for the thickness considered in this
work would be closer to bulk property than mono-
layer. Additionally, it is worth noting that for the case
of the multilayer TMDCs (with indirect minimal
bandgap), we have also included the influence of the
second and third minimal bandgaps corresponding to
the nearby satellite indirect valley (∼0.015 eV above
theminimumbandgap for bothMoS2 andMoSe2) and
direct valley (∼0.87 eV and ∼0.73 eV above the mini-
mum bandgap for MoS2 and MoSe2, respectively) on
transport. We have used the same effective masses for
both theMoS2 andMoSe2 (table 1) since the published
theoretical results show little discrepancy (<10%)
between them [26]. In order to take into account the
highly anisotropic nature of BP, we use published in-
plane effective masses, mx and my, from previous
experimental work [7, 18] and compute the average
effective mass mxy by applying the reciprocal law

—m ,xy m m

1 1
1

x y( )= +
-

assuming the charges flow

equally in x and y directions.
The simulated device structures consists of 75 nm

long metal gate (25 nm underlap +50 nm channel

overlap) with asymmetric top and bottom work-
function fabricated on top a 3 nmHfO2 gate dielectric
( 25 .ox ) = The lateral offset between the n- and
p-region is adopted to diminish source/drain leakage
current. The source (P+) and drain (N+) contact is
doped with 1×1020 cm−3 boron and arsenic atoms,
respectively. The channel is doped with either:
Nch=1×1014 cm−3 (for the homogeneously doped
TFET) or ND=NA=1×1018 cm−3 (for both the
n-type and p-type homo/hetero-junction TFET). The
total channel thickness is set to 5 nm—each n-/p-
layer is 2.5 nm thick, which corresponds to about five
atomic layers. Table 1 provides a summary of the rele-
vant materials parameters. The simulated devices are
calibrated with a 1-D Schrödinger solver to mimic the
influence of quantum confinement effect on the
device electrostatic using the density gradientmodel.

Results and discussion

Figure 1 compares the performance of three TFET
devices: homogeneous, np homo-junction, and het-
ero-junction TFET. The np homo-junction TFET
provides higher ION as compared to the uniformly
doped homogeneous TFET. This is mainly attributed
to the narrower tunneling barrier and sharper trans-
ition between n and p region of the np homo-junction
device. Additionally, the built-in potential of the np
homo-junction leads to lower threshold voltage as
compared to the homogeneous TFET. In order to
further boost the on-current density, we employ
multi-layer type II heterojunction TMDC TFET with
MoS2 as the n-channel and MoSe2 as the p-channel.
The band offsets between MoS2 and MoSe2, bandgap,
and dielectric constant of MoSe2 are all obtained from
published theoretical results on multilayer TMDC
(table 1). As summarized in figure 1, our simulated
results indicate that, the on-current of the MoS2/
MoSe2 hetero-junction TFET (with identical off-
current and thickness) is two orders of magnitudes
higher than that of the homogenously doped np
homo-junction MoS2 TFETs. The staggered hetero-
junction provides lower effective barrier height across
the n–p junction to facilitate the tunneling process
while at the same time maintaining higher bandgap at
the channel and source/drain region to mitigate the
generation–recombination leakage current. The use of
lateral offset (i.e., underlap) between the n- and p-layer
(figure 1(b)) is essential for TFET design as it
suppresses the lateral tunneling window along the
channel and hence suppressing parasitic leakage cur-
rent (figure 2). In order to quantify the reduction of
current due to underlap region, we plot the drain
current for both BP and MoS2 with and without the
underlap region (figures 2(a) and (b)).We observe that
the lateral tunneling, due to the absence of the under-
lap region, is more pronounce for the BP case largely
due to the lower bandgap of BP (compared to MoS2),
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Table 1.Parameters for tunneling calculation.

meff (e) [7, 18, 19] meff (h) [7, 18, 19] Eg (eV) [7, 21, 22]
Dielectric constant ( 0)

[15, 17, 24]
Electron affinity

[17, 19, 22] Dac (eV/m) [23] εop (meV) [20, 25]

MoS2 mz=100 (K), 0.49 (Λ) mz=1.73 (K), 0.8 (Γ) 1.2 (indirect (Λ)), 1.215 (indirect
(K)), 2.07 (direct)

4.8 4.2 4.4×1010 (indir-
ect (Λ))

14.5 (indirect (Λ)) 23.1
(indirect (K))

MoSe2 mxy=0.46 (K),
0.62 (Λ)

mxy=0.45 (K),
0.62 (Γ)

1.1 (indirect (Λ)), 1.115 (indirect
(K)), 1.83 (direct)

6.9 3.92 4.8×1010 (in
direct (K))

8 (indirect (Λ)) 14 (indir-
ect (K))

Black phosphorus mz=0.2,mxy=0.07 mz=0.4,mxy=0.1 0.8 (direct) 8 4.2 Nophonons involved
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hence facilitating the tunneling process. Figure 3
shows that the on-current of the BP (direct bandgap)
device is 4–5 orders of magnitude higher than the
indirect bandgap MoS2 and MoSe2 devices. This is

expected since the BTBT current is generally lower for
indirect bandgap materials due to the tunneling
transition requiring additional particle (phonon) to
compensate the momentum offset between the

Figure 1. (a) Simulated ID–VG curves for homogeneous, np homo-junction, andnphetero-junctionTFETs of 5 nmchannel thickness.
Inset: band diagramofMoS2/MoSe2 hetero-junction (bottom-right). (b)Device structure.VG sweep is applied on top gate.

Figure 2. Simulated ID–(VG−VT) curves of (a)MoS2 (b)BPnp homo-junction TFETwith andwithout underlap.

Figure 3. (a) Simulated ID–(VG−VT) curves for 5 nmnphomo-junction TFETs based onMoS2(solid black),MoSe2(dashed blue),
MoS2/WSe2 superlattice(squared solid green) and black phosphorus(circled solid red). (b) bandstructure schematic of all four
materials. Average SS of black phosphorus TFET is 24.6mV/dec.

4

2DMater. 3 (2016) 011010



conduction and valence bands. Recently published
first principle simulation has demonstrated the feasi-
bility of designing direct bandgap multilayer TMDC–
TMDC heterostructure by carefully choosing the ratio
of the mono-layers [14]. We probe this as a thought
experiment, by modeling the MoS2 and WSe2 as a
direct bandgap (Eg=0.68 eV)multilayer heterostruc-
ture. As shown in figure 3, we see a substantial increase
in current (>4 orders ofmagnitude) albeit being lower
than that of BP due to the differences in effective mass
and bandgap. Figure 4 summarizes the results pre-
sented in this work and compares it with reported data
(using the Sentaurus TCAD simulations) for Si [4], Ge
homogeneous TFET [5] and III–V heterojunction
TFET [27]. Note that the prospect of using multilayer
TMDC to form direct gap vdW superlattice is very
promising and shows a substantial improvement in
on-current and a reasonable degradation in off-
current. We can in principle optimize the off-current
by using the layer thickness to tune the bandgap, and/
or resort to staggered hetero-junction structure.

Conclusions

We have presented a computational study of multi-
layered homo-/hetero-junction MoS2, MoSe2, and
BP TFET devices using the Sentaurus TCAD software.
Our finding indicates that multilayered BP is particu-
larly promising (ION>200 μA μm−1; avg. SS=
24.6 mV/dec) as compared to the TMDC based
TFETs, due to its direct narrower bandgap and higher
mobility. The contingency of constructing multi-
layered 2D direct gap vdW superlattice TMDC is very
promising and will provide ways to substantially
enhance TFET performance. Benchmarking our
work with recently published data show that 2D

multi-layered direct gap vertical TFET design is a
strong candidate for low-power application.

References

[1] LiM, EsseniD, SniderG, JenaD andXingHG2014 Single
particle transport in two-dimensional heterojunction
interlayer tunnelingfield effect transistor J. Appl. Phys. 115
074508

[2] Teherani J T, Agarwal S, Yablonovitch E,Hoyt J L and
AntoniadisDA 2013 Impact of quantization energy and gate
leakage in bilayer tunneling transistors IEEE ElectronDevice
Lett. 34 298–300

[3] RoyT et al 2015Dual-gatedMoS2/WSe2 van derWaals tunnel
diodes and transistorsAcsNano 9 2071–9

[4] Lattanzio L,DeMichielis L and IonescuAM2011 Electron–
hole bilayer tunnel FET for steep subthreshold swing and
improvedON current 2011 Proc. European Solid-State Device
Research Conf. (ESSDERC) pp 259–62

[5] Lattanzio L,DeMichielis L and IonescuAM2012
Complementary germanium electron–hole bilayer tunnel FET
for sub-0.5-V operation IEEE ElectronDevice Lett. 33 167–9

[6] Guangle Z et al 2012Novel gate-recessed vertical InAs/GaSb
TFETswith record high IONof 180 μA μm−1 at VDS= 0.5 V
2012 IEEE Int. ElectronDevicesMeeting (IEDM) pp 1–32

[7] Narita S-I, Terada S-I,Mori S,MuroK, AkahamaY and Endo S
1983 Far-infrared cyclotron resonance absorptions in black
phosphorus single crystals J. Phys. Soc. Japan 52 3544–53

[8] Britnell L et al 2012 Field-effect tunneling transistor based on
vertical graphene heterostructures Science 335 947–50

[9] LiMO, EsseniD,Nahas J J, JenaD andXingHG2015Two-
dimensional heterojunction interlayer tunneling field effect
transistors (Thin-TFETs) IEEE J. ElectronDevices Soc. 3 200–7

[10] SzaboA,Koester S J and LuisierM2015Ab initio simulation of
van derWaalsMoTe2 SnS2 heterotunneling FETs for low-
power electronics IEEE ElectronDevice Lett. 36 514–6

[11] LinY-C et al 2015Atomically thin resonant tunnel diodes built
from synthetic van derWaals heterostructuresNat. Commun.
6 7311

[12] LiH-M et al 2015Ultimate thin vertical p–n junction
composed of two-dimensional layeredmolybdenumdisulfide
Nat. Commun. 6 6564

[13] LeeC-H et al 2014Atomically thin p–n junctions with van der
Waals heterointerfacesNat. Nanotechnol. 9 676–81

Figure 4.Benchmarking of our BP andTMDCTFETswith previously reported Si, Ge, and III–VTFETs. All data are based onTCAD
simulation.

5

2DMater. 3 (2016) 011010

http://dx.doi.org/10.1063/1.4866076
http://dx.doi.org/10.1063/1.4866076
http://dx.doi.org/10.1109/LED.2012.2229458
http://dx.doi.org/10.1109/LED.2012.2229458
http://dx.doi.org/10.1109/LED.2012.2229458
http://dx.doi.org/10.1021/nn507278b
http://dx.doi.org/10.1021/nn507278b
http://dx.doi.org/10.1021/nn507278b
http://dx.doi.org/10.1109/LED.2011.2175898
http://dx.doi.org/10.1109/LED.2011.2175898
http://dx.doi.org/10.1109/LED.2011.2175898
http://dx.doi.org/10.1143/JPSJ.52.3544
http://dx.doi.org/10.1143/JPSJ.52.3544
http://dx.doi.org/10.1143/JPSJ.52.3544
http://dx.doi.org/10.1126/science.1218461
http://dx.doi.org/10.1126/science.1218461
http://dx.doi.org/10.1126/science.1218461
http://dx.doi.org/10.1109/JEDS.2015.2390643
http://dx.doi.org/10.1109/JEDS.2015.2390643
http://dx.doi.org/10.1109/JEDS.2015.2390643
http://dx.doi.org/10.1109/LED.2015.2409212
http://dx.doi.org/10.1109/LED.2015.2409212
http://dx.doi.org/10.1109/LED.2015.2409212
http://dx.doi.org/10.1038/ncomms8311
http://dx.doi.org/10.1038/ncomms7564
http://dx.doi.org/10.1038/nnano.2014.150
http://dx.doi.org/10.1038/nnano.2014.150
http://dx.doi.org/10.1038/nnano.2014.150


[14] ZhaoY-H, Yang F,Wang J, GuoHand JiW2015
Continuously tunable electronic structure of transitionmetal
dichalcogenides superlattices Sci. Rep. 5 8356

[15] TakaoY, AsahinaH andMorita A 1981 Electronic structure of
black phosphorus in tight binding approach J. Phys. Soc. Japan
50 3362–9

[16] Synopsys Inc. 2013 SentaurusDeviceUser Guide, Version
I-2013.12 (MountainView, CA: Synopsys Inc.)

[17] KimS et al 2012High-mobility and low-power thin-film
transistors based onmultilayerMoS2 crystalsNat. Commun. 3
1011

[18] Morita A 1986 Semiconducting black phosphorusAppl. Phys.
A 39 227–42

[19] JiangH 2012 Electronic band structures ofmolybdenum and
tungsten dichalcogenides by theGWapproach J. Phys. Chem.
C 116 7664–71

[20] Molina-Sanchez A andWirtz L 2011 Phonons in single-layer
and few-layerMoS2 andWS2Phys. Rev.B 84 155413

[21] PeelaersH andVan deWalle CG2012 Effects of strain on band
structure and effectivemasses inMoS2Phys. Rev.B 86 241401

[22] TranV, Soklaski R, Liang Y andYang L 2014 Layer-controlled
band gap and anisotropic excitons in few-layer black
phosphorusPhys. Rev.B 89 235319

[23] Li X,Mullen J T, Jin Z, BorysenkoKM,
BuongiornoNardelliM andKimKW2013 Intrinsic electrical
transport properties ofmonolayer silicene andMoS2 fromfirst
principlesPhys. Rev.B 87 115418

[24] Chang J, Register L F andBanerjee SK 2014 Ballistic
performance comparison ofmonolayer transitionmetal
dichalcogenideMX2 (M=Mo,W;X= S, Se, Te)metal-oxide–
semiconductor field effect transistors J. Appl. Phys. 115 084506

[25] Kumar S and Schwingenschlögl U 2015Thermoelectric
response of bulk andmonolayerMoSe2 andWSe2Chem.
Mater. 27 1278–84

[26] WickramaratneD, Zahid F and Lake RK 2014 Electronic and
thermoelectric properties of few-layer transitionmetal
dichalcogenides J. Chem. Phys. 140 124710

[27] Liu J-S, ZhuY,Goley P S andHudaitMK2015Heterointerface
engineering of broken-gap InAs/GaSbmultilayer structures
ACSAppl.Mater. Interfaces 7 2512–7

6

2DMater. 3 (2016) 011010

http://dx.doi.org/10.1038/srep08356
http://dx.doi.org/10.1143/JPSJ.50.3362
http://dx.doi.org/10.1143/JPSJ.50.3362
http://dx.doi.org/10.1143/JPSJ.50.3362
http://dx.doi.org/10.1038/ncomms2018
http://dx.doi.org/10.1038/ncomms2018
http://dx.doi.org/10.1007/BF00617267
http://dx.doi.org/10.1007/BF00617267
http://dx.doi.org/10.1007/BF00617267
http://dx.doi.org/10.1021/jp300079d
http://dx.doi.org/10.1021/jp300079d
http://dx.doi.org/10.1021/jp300079d
http://dx.doi.org/10.1103/PhysRevB.84.155413
http://dx.doi.org/10.1103/PhysRevB.86.241401
http://dx.doi.org/10.1103/PhysRevB.89.235319
http://dx.doi.org/10.1103/PhysRevB.87.115418
http://dx.doi.org/10.1063/1.4866872
http://dx.doi.org/10.1021/cm504244b
http://dx.doi.org/10.1021/cm504244b
http://dx.doi.org/10.1021/cm504244b
http://dx.doi.org/10.1063/1.4869142
http://dx.doi.org/10.1021/am507410b
http://dx.doi.org/10.1021/am507410b
http://dx.doi.org/10.1021/am507410b

	Introduction
	Methods
	Results and discussion
	Conclusions
	References



