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We propose two transistor concepts based on lateral heterostructures of monolayer MoS,, composed of

adjacent regions of 17 (metallic) and 2H (semiconducting) phases, inspired by recent research showing the
possibility to obtain such heterostructures by electron-beam irradiation. The first concept, the lateral
heterostructure field-effect transistor, exhibits the potential of better performance with respect to the foreseen

evolution of CMOS technology, both for high-performance and low-power applications. Performance

potential is evaluated by means of detailed multiscale materials and device simulations. The second concept,

the planar barristor, also exhibits potential competitive performance with CMOS, and an improvement of

orders of magnitude in terms of the main figures of merit with respect to the recently proposed vertical barristor.
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I. INTRODUCTION

Engineering alternative materials with tailored properties
for electronic applications is the quintessential frontier of
electronics. It was embodied in the “band-gap engineering”
[1] or “band-structure engineering” [2] paradigm of III-V
materials systems in the 1980s, and it is embodied now in
the “materials-on-demand” paradigm [3] of “van der Waals
heterostructures” [4], where 2D materials of incommensu-
rable lattice, including a broad set of atomic species, are
stacked to create alternative 3D materials.

One can also have “lateral heterostructures” [5], as in the
example by Levendorf er al. [6], where a planar hetero-
structure of graphene and hexagonal boron nitride has been
fabricated by successive graphene growth, patterning, and
boron nitride regrowth in the same 2D sheet, exploiting the
almost ideal lattice match.

With lateral and vertical heterostructures of 2D materials,
the prospect emerges of combining materials with different
electronic properties, such as semiconductors, insulators,
and metals, in order to engineer materials for particular
applications.

In this paper, we focus on monolayer MoS,. The advan-
tage of designing devices made of 2D materials relies on an
excellent electrostatic control of the channel by the gate.
MoS, also has a direct band gap between 1.5 and 1.8 eV,
which makes it favorable for digital applications against
other 2D materials such as graphene, which does not present
a gap. MoS, has already shown remarkable electronic and
optoelectronic properties [7], including a higher mobility
than ultrathin silicon and germanium, and the possibility to
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be used in flexible electronic circuits, which is currently out
of reach for silicon technology [8].

Molybdenum disulphide has also been used in vertical
heterostructure devices, such as atomically thin p-n
heterojunctions [9] combining monolayer n-type MoS,
and p-type WSe,, which shows a rectifying behavior. Also,
lateral heterostructures based on junctions of 17" and 2H
phases have been proposed experimentally showing inter-
esting and promising properties [10-12].

An intriguing property of MoS,, which is decisive for the
realization of lateral heterostructures, is that, by high-dose
electron-beam irradiation, one can induce a phase transition
from the semiconducting phase (2H) to the metallic phase
(17) in a size-controllable region [ 13]. This property enables,
in principle, top-down patterning of MoS, lateral 2H-1T
heterostructures, whose in-plane charge-transport properties
critically depend on the quality of the lateral heterointerface.

The first demonstration of a Schottky diode, through the
patterning of a lateral heterostructure with a metal region
(17-MoS,) and a semiconducting region (2H-MoS,), has
already been reported [14]. Here, we exploit the possibility
of fabricating lateral heterostructures in single-layer MoS,
to explore two device concepts, evaluating by multiscale
simulations its potential performances.

The first transistor concept is a lateral hetero-
structure field-effect transistor (LH FET), which is shown
in Fig. 1(a): It is a double-gate FET in which the channel
consists of single-layer molybdenum disulfide. We have the
semiconducting phase in the central region aligned with
the gate, and the metallic phase in the source and drain
extensions. The gate dielectric is silicon oxide with a
thickness of 0.5 nm. It can be seen as an embodiment of
the LH FET proposed in 2011 for the graphene—boron
nitride heterostructure [15,16].

© 2017 American Physical Society


https://doi.org/10.1103/PhysRevApplied.8.054047
https://doi.org/10.1103/PhysRevApplied.8.054047
https://doi.org/10.1103/PhysRevApplied.8.054047
https://doi.org/10.1103/PhysRevApplied.8.054047

DAMIANO MARIAN et al.

PHYS. REV. APPLIED 8, 054047 (2017)

(a) LH-FET MoS,-1T/M0S,-2H/MoS,-1T Top gate
—
Top gate ~ _ N Hox
Source 4 — 1 tox
Bottom gate

[0 MoS,-1T
.Y Drain - MOSZ-ZH
L r——— = “Bottom gate £ Si0,
Ly, =5.5nm [ Gate
(b) Planar barristor MoS,-1T/MoS,-2H
Source . Top gate (i) Double gate Top gate
\ y S fox I
ssaok fox |
Bottom gate
\ (ii) Single gate Top gate

- Drain o
X toxbl

Bottom gate

FIG. 1. (a) MoS,-2H/MoS,-1T/MoS,-2H double-gate FET.
The source, drain, bottom gate, top gate, and channel length
(Lg, = 5.5 nm) are indicated. The oxide is SiO,, with thickness
tox = 0.5 nm. (Inset) Longitudinal cross section of the device.
(b) Double-gate MoS,-17/MoS,-2H planar barristor. (Inset i)
Longitudinal cross section of the double-gate device, with
tox = 0.5 nm. (Inset ii) Longitudinal cross section of a single-
gate configuration, where 7, is the bottom oxide thickness.

The second transistor concept is a lateral gated Schottky
diode [Fig. 1(b)] with a metallic source (17-MoS,) and a
semiconducting drain (2H-MoS,). We consider a double-
gate structure with a gate oxide thickness #,, [Fig. 1(b)(i)]
and a single- (top-) gate configuration with a top oxide
thickness 7., and a bottom oxide thickness ?,,, [Fig. 1(b)
(i1)]. The gate voltage modulates the height of the Schottky
barrier—and therefore the current. We call this transistor a
“planar barristor” because the operating principle is similar
to that of the vertical barristor proposed in 2012 [17].

II. THEORY

In order to explore the viability and potential performance
of such devices, we adopt a first-principles multiscale
modeling approach [18], articulated in three steps. We start
from density-functional-theory (DFT) simulations of the
electronic properties of 17-2H heterostructures, from which
we obtain a Hamiltonian defined on the basis of plane waves.
From this, we then extract a Hamiltonian on a maximally
localized Wannier function (MLWF) basis set. Finally, the
resulting Hamiltonian is used in the open-source device
simulator NanoTCAD ViDES [19], based on a nonequilibrium
Green’s-function formalism, to investigate the device per-
formance for digital applications.

Ab initio calculations are performed with Quantum Espresso
[20], using an 8 x 12 x 1 Monkhorst-Pack grid, ultrasoft
pseudopotentials, and the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional. A 60-Ry wave-function
cutoff, a 600-Ry charge-density cutoff, and a vacuum layer
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FIG. 2. Bands of (a) MoS,-2H and (b) MoS,-1T computed
with DFT calculations (the black dots) and with MLWF (the red
solid lines, 22 bands). Below each panel, the schematic top and
side views of the two different atomic-structured monolayers,
(a) MoS,-2H and (b) MoS,-1T, are shown.

of 20 A, to avoid interactions with periodic replicas, are
considered. The band structure and the Hamiltonian in the
MLWF basis are computed with Wannier90 [21] using the same
grid as in DFT calculations. The obtained tight-binding-like
Hamiltonian is then included in the open-source device
simulator NanoTCAD ViDES [19]. Specifically, we simplify the
full 22-band electronic structure model of Fig. 2 into a six-
band model, which provides the same results for energies
close to the Fermi energy, but with reduced computational
requirements (see the Appendix). Then we include the six-
band tight-binding-like Hamiltonian in the ViDES framework
to compute transport in far-from-equilibrium conditions.
In order to connect the two different phases of MoS, along
the transport direction, the off-diagonal elements of the
Hamiltonian are chosen to be equal to the MoS,-2H elements
(details of the method are reported in the Appendix). For all
devices, we consider operation at a temperature of 300 K and
with fully coherent quantum transport.

The complete multiscale approach is thoroughly dis-
cussed in Bruzzone et al. [18] and in the Appendix.

III. RESULTS AND DISCUSSION

The band structures of MoS,-2H and MoS,-1T are
shown in Figs. 2(a) and 2(b), respectively, where dots
correspond to DFT calculations, and dashed lines to results
using the MLWF basis. As apparent from Fig. 2, MoS,-2H
has a gap of 1.7 eV, whereas the 17 phase shows metallic
behavior.

The transfer characteristics (Ipg-V) of the LH FET
are shown in Fig. 3(a) in the linear scale and Fig. 3(b) in
the semilogarithmic scale for MoS,-2H channel and
gate lengths ranging from 2.75 to 9.9 nm. The applied
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FIG. 3. Transfer characteristics in (a) the linear and (b) the
semilogarithmic scale of the devices in Fig. 1(a), for different
MoS,-2H channel lengths and for Vg = 0.6 V for an oxide
thickness of t,, = 0.5 nm, and (c) linear and (d) semilogarithmic
for a MoS,-2H channel length of 5.5 nm, Vpg = 0.6 V and for
different oxide thicknesses. (Inset) 7 and PDP values, calculated
for a high-performance process, are reported.

drain-to-source voltage Vg is 0.6 V and the oxide thick-
ness f,, is 0.5 nm. In the case of shorter channel lengths
(2.75 and 3.3 nm), intraband tunneling dominates the
current and imposes a lower limit on the off-state current.

To assess device performance, we use as a benchmark
the consensus on the evolution of CMOS technology
represented by the 2015 edition of the International
Technology Roadmap for Semiconductors (ITRS) [22].
The ITRS considers CMOS processes to be optimized
either for high-performance (HP) or for low-power (LP)
applications, and they therefore have different threshold
voltages. To enable comparison with the ITRS, we consider
two main bias conditions for the n-type MOSFET: the off
state, corresponding to Vg = Vi and Vpg = Vpp, where

Voie 1s defined as the gate voltage for which the drain
current in the off state is I, = 100 nA/um. For a LP
process, in order to reduce the static power consumption,
Voie 1s defined as the gate voltage for which the device
current is I, = 100 pA/um. Typically, the transfer char-
acteristics are shifted by properly tuning the gate work
function for each process in order to obtain V; =0 V.

For all of the channel lengths of the LH FETs, we consider
the same supply voltage Vpp = 0.6 V and the same oxide
thickness #,,. The main figures of merit for the two process
optimizations are reported in Table I. The subthreshold
swing (SS) is defined as the inverse slope of the Ipg — Vg
curve in semilogarithmic scale in the subthreshold regime.
We also report the 1., /I ratio, where I,,, is the current in
the on state. As previously mentioned, the 2.75-nm and
3.3-nm FETSs have a large intraband tunneling current in the
off state, so that I cannot be defined for the LP case for
Ly, = 3.3 nm, while, for Ly, = 2.75 nm, I, cannot be
defined for both the LP and HP cases. We remark that the
band gap calculated through DFT is underestimated: With a
GW correction, the band gap could increase to 2.1 eV,
slightly reducing the intraband tunneling effects observed in
the shortest channels.

In Table I, we also show the intrinsic delay time z, which
is a measure of the switching speed (a rough estimation of
the switching time of a CMOS inverter), defined as

- Qon_Qoff (1)

Ion

where Q,, and Qs represent the total charge in the channel
in the on and off states, respectively. In addition, we show
the power-delay product (PDP), which is a measure of
energy efficiency (roughly proportional to the energy
required to switch a logic gate),

Vpp is the supply voltage, and the on state, corresponding PDP = Vpplent = Vpp(Qon — Qor)- (2)
to Vgs = Vo + Vpp and Vg = Vpp. For a HP process,
TABLE I. Figures of merit for different channel lengths of the LH FET and the DG planar barristor for HP and LP.
High performance Low power
SS T PDP fr SS T PDP
(mV/dec)  Ion/logr  (ps) (f]/um) (THz) (mV/dec)  Ion/loyr  (ps) (f]/um)
LH FET Ly =33nm? 102 1.0x 10* 0.16 0.10 3
(Vps=06V) Ly =55nm 69 118 x 10* 0.22  0.16 2 72 438 x10° 044 0.12
Ly, = 6.6 nm 69 120 x 10+ 0.25 0.18 1.5 70 443x10° 049 0.13
Ly, =827 nm 69 123 x10* 030 0.22 1.4 68 4.65x10° 047 0.13
Ly =99 nm 69 1.25x10* 035 0.26 1.0 69 441 x10% 0.61 0.16
Planar Barristor DG 68.5 9.8 x10° 0.14 0.055 3 72.5 35x10° 1.2 0.017
(Vps =04 V) SG (tox, = 0.5 nm) 73 44x10° 0.16 0.028 2.8 79 1.5x10° 1.8 0.011
SG (tox, = 5 nm) 79 37x 100 02 0.029 23 85 7.4 x 10* 4.4 0.013

*For a channel length of 3.3 nm, I is not defined for the LP case because of the high degradation of the off current due to the

intraband tunneling effect (see the text for further details).
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Finally, we report the cutoff frequency computed for
VDS = VDD as

= 3
Jr 27 0010t/ OV s ( )

which is a relevant quantity for high-frequency analog
applications.

From Table I, we can immediately draw that the
LH FET exhibits an almost ideal SS = 68-72 mV/dec
and I, /14 > 10* for channel lengths > 5.5 nm for the HP
case, and > 10 for the LP case. As expected, the HP case is
optimized for low 7 values (reaching 0.22 ps for the 5.5-nm
channel length vs 0.44 ps of the LP case), whereas the LP
case is optimized for a low PDP (reaching 0.12 fJ/um for
the 5.5-nm channel length vs 0.16 fJ/um for the HP case).

As the channel length is reduced, we have a monotonic
decrease of 7 and PDP and an increase of f7, meaning
that both digital and analog performance is improving.
However, for channel lengths of 3.3 nm, we observe a
significant increase of the intraband tunneling leakage
current, which reduces the 1,/ value for the HP process
and does not allow us to reach the required /. for the
LP case.

For comparison purposes, we also consider the perfor-
mance of the LH FET for a less-aggressive gate-dielectric
thickness (in terms of the equivalent silicon oxide thick-
ness). In Figs. 3(c) and 3(d), we report the transfer
characteristics for the LH FET with channel length of
5.5 nm, and for 7, = 0.5, 1.0, and 1.5 nm. The intrinsic
delay time and the power-delay product for the HP case are
reported in the inset of Fig. 3(d). As expected, 7 increases
and PDP decreases as the oxide thickness increases.

The second transistor concept we investigate is the
planar barristor, which is shown in Fig. 1(b). We consider
a double-gate (DG) planar device with a top and bottom
silicon (or equivalent) oxide thickness 7,, = 0.5 nm and a
single-gate (SG) configuration with bottom oxide thick-
nesses of 7, = 0.5 nm and ¢,,, = 5 nm.

In Fig. 4, we show the transfer characteristics for a planar
barristor with Vg = 0.4 V. The SS is reasonably good
(SS < 79 mV/dec), and the I, /1 is close to 10* for the
high-performance case only when the structure is double
gated. The same figures of merit computed for the LH FET
are calculated for the planar barristor and reported in
Table I. The barristor and the LH FET do not differ
much in terms of electrostatic control of the channel-
semiconductor region, and therefore both the PDP and 7
show similar values for both devices when a double-gate
geometry is considered. The single-gated barristor shows,
however, sightly worse figures of merit for both the HP and
LP applications, as compared to the double-gated device,
due to the smaller gate-to-channel capacitance.

Finally, in Fig. 5, we compare the z-vs-PDP data of the
MoS, FETs studied in this work to predictions from the
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FIG. 4. Transfer characteristics in (a) the linear and (b) the
semilogarithmic scale of the DG planar barristor, and of the
SG planar barristors with 7., = 0.5 nm and 7., =5 nm for
Vps = 0.4 V. The devices are illustrated in Fig. 1(b).

ITRS 2015 [22] for HP and LP CMOS technology and with
simulations for the optimized graphene-based barristor
studied in Ref. [16]. The most desirable region of the plot
in Fig. 5 is, obviously, the bottom-left corner.

From the comparison, it appears that the LH FET and the
planar barristor deliver a competitive expected performance
with respect to CMOS technology, for both the HP and LP
applications. The graphene vertical barristor misses the
required values for the z and PDP figures of merit by
several orders of magnitude. As some of us have already
discussed [23], the main problem is that, in the vertical
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FIG. 5. PDP and 7 values of the MoS, FETs studied in this
work (red circles for the LH FET and green diamonds for the
planar barristor) compared with the requirements of the ITRS
2015 [22] until the end of the road map (the yellow squares) and
the graphene barristors studied in Ref. [23] (the blue triangles).
Filled symbols correspond to figures of merit related to the HP
process, empty symbols to the LP process. We assume for the
graphene barristor a width of 1 um. In the case of the graphene
barristor of Ref. [16], results for the GaAs and Si substrates are
shown for different values of the doping (the concentration is
indicated for each device).
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barristor, the source (the graphene sheet) is between the
control gate and the barrier to be modulated, and it
therefore adds a high parasitic capacitance to the gate,
degrading the electrostatics—and hence the device perfor-
mance. In the case of the planar barristor, however, the
source is in the plane of the barrier, whereas the control gate
is off plane, and therefore the parasitic capacitance is
negligible. The proposed results provide an upper limit
for the performance of transistors based on heterostructures
of MoS,. The actual device performance can be degraded
by both intrinsic unavoidable causes, such as phonon
scattering, and technology-dependent factors, such as
contact resistance, heterointerface roughness, and other
defects. As of now, the latter factors represent the main
performance limitation, even if MoS, fabrication technol-
ogy is improving at an impressive pace [11,12,24], whereas
phonon scattering has a limited impact in the case with a
5-nm channel length.

IV. CONCLUSION

In this work, we present two different transistor con-
cepts, based on planar heterostructures of 17-MoS, and
2H-MoS,, that exploit the possibility of defining with a
top-down technique patterns of metallic 17-MoS, in a
monolayer of semiconducting 2H-MoS,. We show with
multiscale simulations that the lateral heterostructures, the
FET and the planar barristor, exhibit promising perfor-
mance with respect to the evolution of CMOS techno-
logy predicted by the 2015 edition of the ITRS, for both
high-performance and low-power applications.

Clearly, our multiscale simulations consider defectless
devices with ideal contacts and fully ballistic transport.
Therefore, ours is a via negativa approach: It can rule out
device concepts as good candidates for digital logic only if
their (ideal) performance is not sufficiently good. In our
case, it signals that the proposed transistor concepts are ex-
tremely promising. Further investigation is required to verify
the impact of defects and nonidealities on performance.
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APPENDIX: COMPUTATIONAL METHODS

DFT simulations are performed with the Quantum Espresso
package [20]. For both materials, MoS,-2H and MoS,-1T7,
we consider 8 x 12 x 1 Monkhorst-Pack grid which is
evaluated to be sufficiently accurate for the subsequent
calculations. We use ultrasoft pseudopotentials with the
PBE exchange-correlation functional. A 60-Ry wave-func-
tion cutoff, a 600-Ry charge-density cutoff and a vacuum

layer of 20 A are considered. The calculation of the MLWF
is performed with Wannier90 [21] using the same grid as the
DFT calculations. In Figs. 6(a) and 6(c), we show the bands
for MoS,-2H and MoS,-17 while considering a varying
number of Wannier centers (i.e., bands): 6, 10, and 22.
It is evident that six bands provide the same results as the
22-band case (but with a smaller computational cost) if we
consider an energy range close to the Fermi level, i.e., the
energy range taking part in transport. We also report in
Figs. 6(b) and 6(d) the density of states projected on the
differing number of Wannier centers. As expected, the
density of states of 6, 10, and 22 bands provides the very
same results close to the Fermi level.

To validate the multiscale approach, we compare the
computed transmission coefficient while considering a
small number of bands with that obtained from ab initio
calculations (by means of the PWCOND suite of Quantum
Espresso [20]). We consider a LH FET with a 3.3-nm
MoS,-2H channel, as studied in the main text. The total
size of the system is 7.2 nm, the 17 parts are 1.9 and
1.3 nm, the 2H channel is 3.3 nm, while the remaining
length corresponds to the interface between the two phases
(see Ref. [14]). The three MLWF Hamiltonians fit the
PWCOND result well, thus validating the use of the six-band
Hamiltonian (see Fig. 7).
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FIG. 6. Bands computed through MLWF for different numbers
of Wannier centers (i.e., the number of considered bands) and the
corresponding density of states (DOS) for (a),(b) MoS,-2H and
(c),(d) MoS,-1T.
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FIG. 7. Transmission coefficient of the LH-FET device in
(a) the linear and (b) the semilogarithmic scale, considering a
flat potential equal to zero. Comparison between PWCOND
[Quantum Espresso (QE)] results and a Wannier Hamiltonian for
a differing number of bands using the Wannier Hamiltonian of
2H-MoS, as a coupling between the metallic and semiconducting
phases.

In order to build the interface Hamiltonian between the
two materials, one has to pay attention to the off-diagonal
elements connecting the two different materials. The
heterostructure Hamiltonian for the MoS,-17/MoS,-2H
interface is determined as follows. In Fig. 8, we report a
schematic representation of the Wannier Hamiltonian along
the transport direction. Specifically, each submatrix in
Fig. 8, whose dimension is Ny, X Nwa, (Where Ny, is
the number of Wannier centers), is connected to the other
submatrices along the same row (the number of subma-
trices along the same row is constrained by the Monkhorst-
Pack grid used). Then one has to choose how to deal with
those elements which connect one material to the other
(indicated in red in Fig. 8 as off-diagonal elements). These
elements belong to a row where the first element is of the

MoS, - 1T

(A
m
e |

: MoS, - 2H
|
|
|
|
|
P T
|
|
|
|
|

R N\
Off-diagonal elements

Submatrix
FIG. 8. Schematic representation of the construction of the

MoS,-1T/MoS,-2H interface. The off-diagonal elements, which
are displayed in red, are chosen to be equal to the MoS,-2H
elements.

first material (MoS,-17T) and to a column of the second
material (MoS,-2H). We decide that these elements
should be the same as the ones used with MoS,-2H for
two reasons: First, the results of the transmission coefficient
reported in Fig. 7 are in agreement with the PWCOND
results, and, second, compared to the other possible
choices, the simulations give a better and faster
convergence.
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